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ABSTRACT
Corrosion o f  r e in fo r c in g  s t e e l  in  concre te  i s  a problem because 
o f  the  presence  of  c h lo r id e  ions a t  th e  s t e e l - c o n c r e t e  i n t e r f a c e .  The 
c h lo r id e  ion may be in troduced in to  th e  concre te  in two ways: ( 1 ) as a
contaminant in  the  mix and ( 2 ) from e x te rn a l  sources  such as de ic ing  
s a l t s  or  sea  wate r .  T he re fo re ,  f o r  b e t t e r  p ro t e c t io n  o f  s t e e l  in  con­
c r e t e ,  an unders tanding o f  the  e lec t ro c h e m is t ry  o f  s t e e l  in concre te  i s  
o f  prime importance.
In t h i s  s tudy ,  the  anodic and ca thod ic  p o l a r i z a t i o n  curves were 
obta ined  f o r  s t e e l  in concre te  samples o f  Types I and V Por t land  cement 
with  va r ious  s a l t  c o n te n t s ,  exposed to  the  dry cond i t ions  o f  th e  l a b o ra ­
to ry  and a l s o  to  d i s t i l l e d  water f o r  90 to  170 days.  S i g n i f i c a n t  d i f ­
fe rences  were found in  the  e lec t rochemical  behavio r  of  s t e e l  in Types I 
and V Por t land  cement.  Type V Por t land  cement concre te  provides  b e t t e r  
p ro te c t io n  f o r  the  embedded s t e e l ,  compared to  Type I ,  when the  samples 
were exposed to  c o r ro s iv e  c o n d i t i o n s ,  as in s a l t  s o l u t i o n s .
The change in  the  mois ture  c o n ten t  o f  th e  concre te  a l s o  had a 
s i g n i f i c a n t  e f f e c t  on p o te n t i a l  and c u r r e n t  requirements .
The anodic and ca thod ic  p o l a r i z a t i o n  o f  s t e e l  in  Types I and V 
Por t land  cement concre te  samples with  no s a l t  c o n ten t ,  exposed to  so lu t io n s  
with  va r ious  s a l t  c o n c e n t r a t io n s ,  were a l so  performed. I t  was found t h a t  
the  d i f f u s i o n o f  c h lo r id e  ions in to  concre te  inc reased  as the  s a l t  con-
I V
c e n t r a t i o n  o f  the  s o lu t io n s  inc reased .  The p e n e t r a t i o n  o f  s a l t  a l so  
inc reased  as exposure time to  the  s a l t  s o lu t io n  inc reased .
A s o l id  Mo/MoOg e l e c t r o d e  embedded ad jac e n t  to  s t e e l  was used in 
a l l  concre te  s l a b s .  The p o t e n t i a l  measurement was made with  re sp ec t  to  
t h i s  e l e c t r o d e ,  in o rde r  to  reduce the  IR drop a s so c ia t e d  with concre te .
I t  was a l so  found t h a t  the  high Tafel  s lope  f o r  the  p o l a r i z a t i o n  
curves in  concre te  was not  mainly due to  th e  IR drop but r a t h e r  to  the  
d i f f u s io n  problem.
Most o f f - sh o r e  p ip e l in e s  a re  c a th o d i c a l ly  p ro te c ted .  These l i n e s  
have a Por t land  cement concre te  l a y e r  on the  o u ts id e  to  provide  negative  
buoyancy. This concre te  l a y e r  con ta ins  a s t e e l  wire  r e in fo r c in g  mesh.
In t h i s  s tudy ,  th e  e f f e c t  o f  a wire  mesh on c u r r e n t  and p o te n t i a l  
measurement was a l so  in v e s t ig a t e d  in two d i f f e r e n t  environments:  ( 1 ) in
a s a tu r a t e d  CafOHÏg s o lu t i o n  and (2) the concre te  s l a b s .  Wire meshes 
with d i f f e r e n t  hole  s i z e s  were used.  I t  was found t h a t  the  wire  mesh had 
no e f f e c t  on c u r r e n t  and p o t e n t i a l  d i s t r i b u t i o n .  However, the  p o te n t i a l  
of  the  wire  mesh was s h i f t e d  by the  passage of  c u r r e n t  r e s u l t i n g  from the  
p o te n t i a l  g ra d ie n t  caused by th e  IR drop in the  e l e c t r i c  f i e l d  between 
anode and cathode.
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CHAPTER 1 
INTRODUCTION
Concrete normally provides  a high degree p ro te c t io n  a g a in s t  
cor ros ion  to  embedded s t e e l ,  because s t e e l  in concre te  i s  po la r ized  
ano d ica l ly  and a t h in  p r o t e c t iv e  f i lm  o f  gamma i ron  oxide ( y - F e 2 0 3 ) i s  
formed on the  s t e e l  su r f a c e .  This pass ive  f i lm  w i l l  be maintained on the  
s t e e l  su r face  when the  pH in  the  environment around the  s t e e l  remains in 
the  range o f  1 2 . 5 - 1 2 . 8  [ 1 ] .  However, c h lo r id e  ions can d i s r u p t  t h i s  
pass ive  f i lm  and the  s t e e l  w i l l  corrode .  The co r ros ion  products formed 
have a volume twice t h a t  o f  the  paren t  m eta l ,  which causes the  concrete  
to  crack because of  low t e n s i l e  s t r e n g th .  The c o r ro s iv e  chemicals can 
then f ind  easy access to  the  s t e e l  su r face  through these  cracks  and 
i n t e n s i f y  co r ro s io n .  Thus, in o rder  to  reduce t h i s  co r ro s io n ,  many 
in v e s t ig a to r s  have considered th e  in f luence  o f  v a r i a b le s  such as cement 
type [ 2 ] ,  concre te  mix design [ 3 , 4 ] ,  and c h lo r id e  concen t ra t ion  [ 3 ,5 ,6 ] .
L i t t l e  work has been done on the e lec t rochem is t ry  of  the  s t e e l  in 
concre te .  The problem of s t e e l  corros ion  in concre te  has received more 
a t t e n t i o n  in r e c en t  y ea r s  because o f  i t s  impact on b r idge  deck d e t e r i o r a ­
t i o n .  The co rros ion  of  s t e e l  in bridge  decks has i n t e n s i f i e d  because of 
a d r a s t i c  inc rease  in the  use o f  de ic ing  s a l t .  I t  has been repor ted  t h a t  
the  c o s t  of  repar ing  bridge  decks in  the U.S. in 1975 was $200 m i l l ion  [7],
As mentioned, one o f  the  important v a r i a b le s  a f f e c t i n g  the cor-
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ros ion  o f  s t e e l  in  concre te  i s  c h lo r id e .  Chlor ide  may be in troduced in to  
the  c o n c r e t e - s t e e l  i n t e r f a c e  by th e  i n t r u s io n  o f  sea water  o r  the  use of  
de ic ing  s a l t s ,  or i t  may be included in the  concre te  mix.
The in t r u s io n  o f  c h lo r id e  ions through the concre te  cover i s  an 
important  parameter a f f e c t in g  the  t ime i t  takes  f o r  the  r e in fo r c in g  s t e e l  
t o  corrode .  These c h lo r id e  ions can p e n e t r a te  through the  mass o f  con­
c r e t e  and bu i ld  up to  l e v e l s  s u f f i c i e n t  to  induce co r ro s io n .
The p re sen t  i n v e s t ig a t i o n  was an i n i t i a l  a t tempt  to  determine the  
impact o f  f a c t o r s  such as s a l t  (mixed o r  d i f fu se d  in cured c o n c r e te ) ,  type 
o f  cement, and mois tu re  on the  co r ro s io n  o f  s t e e l  in  co ncre te .  The e f f e c t s  
o f  th e se  f a c t o r s  were evaluated by e lec t rochemical  techn iques ,  such as 
anodic and cathodic  p o l a r i z a t i o n .
Most o f f - sh o r e  p ip e l in e s  a re  c a th o d i c a l ly  p ro te c te d .  These p ipe­
l i n e s  a re  coated with  a l aye r  o f  Por t land  cement concre te  on the  o u ts id e  
to  provide  a negat ive  buoyancy. This concre te  l a y e r  con ta ins  a s t e e l  wire  
r e in fo r c in g  mesh and the  p ip e l in e  p o t e n t i a l  i s  c o n t ro l l e d  by an ex te rna l  
Cu/CuSO^ e l e c t ro d e .  There fore ,  the  e x i s t an c e  o f  the  wire mesh may s h ie ld  
the  c u r r e n t  and cause a problem on c u r r e n t  and p o te n t i a l  d i s t r i b u t i o n .  A 
s e r i e s  o f  experiments were conducted to  determine the  e x te n t  o f  t h i s  prob­
lem when the  wire  mesh i s  connected and disconnected to  the  s t e e l  p l a t e .
The magnitude and the  p o s s i b i l i t y  o f  the  IR drop in  the  p o te n t i a l  
measurements were a l so  evalua ted .
CHAPTER I I
THEORETICAL BACKGROUND
Concrete P r o p e r t i e s
2.1 Physical  P ro p e r t i e s  
In o rder  to  i n v e s t i g a t e  the  co rros ion  of  s t e e l  in concre te  pro­
p e r ly ,  engineers  should know some f a c t o r s  about c o n c r e t e ' s  p r o p e r t i e s .
Concrete c o n s i s t s  of  sand, grave l o r  an aggrega te ,  mixed with 
cement and water .  Cement i s  a mixture  o f  complex calcium s i l i c a t e s  and 
aluminates  ( t h i s  w i l l  be f u l l y  d iscussed  in the  next s e c t io n :  Chemistry
of  Concrete) which hydrate  with  water to  form a s o l id  mass. The physical  
p ro p e r t i e s  o f  t h i s  mass have been the  su b jec t  o f  many s t u d i e s ,  S c o t t ' s  
[8 ] and Power and Brownyard's [4] being two o f  the  most complete.
One of  the  most important p r o p e r t i e s  o f  concre te  i s  the  void 
c rea ted  in pas te  hydra t ion .  These voids w i l l  be f i l l e d  with a i r  and wate r ,  
which con ta in  elements capable  of  a t t a c k in g  th e  r e in fo r c in g .
2 .1 .1  Aggregate. Aggregate i s  one o f  the  f a c to r s  which i n f l u ­
ences the  physica l  p ro p e r t i e s  o f  co n c re te .  Aggregate i s  not f u l l y  i n e r t  
and i t s  p h y s ica l ,  thermal,  and sometimes i t s  chemical p ro p e r t i e s  in f luence  
the performance of  concre te .  All aggregate  p a r t i c l e s  o r i g i n a l l y  formed a 
p a r t  of a l a r g e r  mass, which may have been fragmented by a na tu ra l  process 
of  weather ing and abras ion  o r  by crush ing .  Many of  the  a g g re g a te ' s
p ro p e r t i e s  depend e n t i r e l y  on those  of  the  pa ren t  rock: chemis try;  
mineral  composi t ion; s p e c i f i c  g ra v i ty ;  s t r e n g t h ;  pé t rograph ie  d e s c r ip ­
t i o n ;  ha rdness ;  physical  and chemical s o l u b i l i t y  o f  pore s t r u c t u r e .  On 
the o th e r  hand, some p ro p e r t i e s  a re  a sso c ia ted  with the  aggregate  but
absen t  in th e  pa ren t  rock: p a r t i c l e  shape and s i z e ;  abso rp t ion ;  su r face
t e x t u r e .  All o f  these  p r o p e r t i e s  may have a cons ide rab le  in f luence  on 
the  q u a l i t y  o f  the  c o n c r e te ,  e i t h e r  in a f r e sh  or  hardened s t a t e .
2 .1 .2  Hydration and C ap i l l a ry  P o res . Hydration i s  another  
f a c t o r  which a f f e c t s  physica l  p ro p e r t i e s  o f  co n c re te ,  t h e r e f o r e ,  knowledge 
of  cement gel i s  important.
Hydrates of  var ious  compounds in the  hardened pas te  a re  r e f e r r e d  
to  as g e l .  C ry s ta l s  o f  CafOHjg; unhydrated cement,  some minor compounds, 
and the  w a t e r - f i l l e d  spaces in the  f resh  pas te  a re  in the  hardened p as te .  
The voids in  th e  pa s te  a re  c a l l e d  gel pores.
The c a p i l l a r y  pores a re  t h a t  region o f  th e  gross  volume not
f i l l e d  by hydra tion  products during hydra t ion .  The c a p i l l a r y  po ro s i ty  of
the  hardened p a s te  i s  dependent on both the  water-cement r a t i o  of  the
mix and the  degree o f  hydra t ion .
The volume of  t h i s  c a p i l l a r y  system decreases  with the  progress 
of  hydra t ion ,  because th e  hydra t ion  products occupy a volume twice t h a t  
o f  the  o r ig in a l  phase (cement).
I t  i s  be l ieved  t h a t  a t  water/cement r a t i o  g r e a t e r  than 0 .38 ,  
the  volume o f  gel i s  not enough to  f i l l  a l l  the  c a p i l l a r y  pore spaces.
Therefore ,  some remain empty even a f t e r  the  completion o f  the  hydration
process .  The shapes and s i z e s  o f  these  c a p i l l a r y  pores are  d i f f e r e n t ,  
and i t  i s  thought t h a t  th e re  i s  an in te rconnec ted  system randomly
d i s t r i b u t e d  throughout the  cement paste  [10] .  The permeabi l i ty  of  the  
hardened concre te  i s  a f f e c t e d  by these  in te rconnec ted  c a p i l l a r y  pores.
A s u i t a b l e  water/cement r a t i o  and a long period of  mois t  curing reduce 
the  continuous c a p i l l a r i e s  s i g n i f i c a n t l y .  For water/cement r a t i o s  above 
0 .7 ,  even complete hydra tion would not produce enough gel to  block a l l  
the  c a p a i l l a r i e s .  El iminating the  continuous c a p i l l a r i e s  i s  so important 
t h a t  i t  i s  one condi t ion  of  a "good" concre te .
2 .1 .3  Cement G e l . Cement gel i s  def ined as the  cohesive mass 
o f  hydrated cement in i t s  denses t  p a s t e ,  inc luding the gel pores.  Gel 
pores a re  porous because of  th e  l a rge  q u a n t i t i e s  of  evaporable water they 
can hold.  These gel pores a re  much sm al le r  than the c a p i l l a r y  pores.
The source o f  the  g e l ' s  s t r e n g th  i s  not  completely unders tood, 
but i t  may come from two kinds of  cohesive  bonds [11] .  The f i r s t  type 
i s  a physical  a t t r a c t i o n  between su r faces  which a re  separa ted by small 
gel pores (15 to  20°A). This a t t r a c t i o n  i s  u sua l ly  r e fe r re d  to  as van 
Der Waal's f o r c e s .  The second type o f  cohesion i s  a chemical bond.
The r e l a t i v e  importance o f  these  physical  and chemical bonds 
cannot be e s t im a ted ,  but both undoubtedly c o n t r ib u te  to  the  very c o n s i ­
derab le  s t r e n g th  of  the  hardened pas te .
2 .1 .4  R e s i s t i v i t y . Porous na ture  o f  concre te  and the  work of  
Hausman [12] and B r i t i s h  paper [13] ,  in d ic a te s  t h a t  concrete  i s  highly 
r e s i s t a n t  to  t h e  passage of c u r r e n t .  The work of Mammon and Robson [14] 
shows t h a t  th e  e l e c t r i c a l  r e s i s t i v i t y  o f  concre te  i s  highly dependent on 
mois ture  con ten t .  They found t h a t  moist  concre te  i s  an e l e c t r o l y t e  
having a r e s i s t i v i t y  of the  o rder  of 1 0^ ohm-cm, a value which i s  in 
the  range of  semi-conductors .  On the  o th e r  hand, another  in v e s t ig a t io n
[15] has shown t h a t  oven-dried concre te  a t  105°C has a r e s i s t i v i t y  o f  
the  o rder  of  IcJ^ ohm-cm.
The s i g n i f i c a n t  inc rease  in the  r e s i s t i v i t y  of  concrete  because 
of  a reduc t ion  o f  water probably i n d ic a te s  t h a t  the  c u r r e n t  i s  conducted 
through mois t  concre te  by ions in the  evaporable  water .  Therefore ,  the  
r e s i s t i v i t y  o f  moist  concre te  w il l  drop s i g n i f i c a n t l y  because of the  
inc rease  in  water and ions p re sen t .
Other s tu d ie s  i n d ic a te  t h a t  the  e l e c t r i c a l  r e s i s t i v i t y  of con­
c r e t e  in c rease s  with age and with a reduc t ion  in the  water/cement r a t i o
[16] .
Locke and Dauda [17] and Hsu [18] found t h a t  the  r e s i s t i v i t y  of 
concre te  increased  to  10^^ ohm-cm a f t e r  24 hours of  drying in  the oven. 
They a l so  found t h a t  the  r e s i s t i v i t y  dropped to  10^ ohm-cm a f t e r  the  
concre te  was soaked in water f o r  24 days (moisture con ten t  6.1%). The 
r e s i s t i v i t y  rose  to  1 0 ^ - 1 0  ^ ohm-cm, however, when the  concre te  s labs  
were s to red  in  the  l abo ra to ry  a t  room temperature  (moisture  con ten t  1 . 1%), 
Similar  r e s u l t s  have been found by the  o th e r  in v e s t ig a to r s  [19 ,20] .
2.2 Chemistry
2 .2 .1  Chemical Composition o f  Por tland  Cement. Knowledge of  
the  common chemical c o n s t i t u e n t s  of  cement i s  important to  understanding 
i t s  na ture  and behavior .  Por tland cement i s  mainly composed o f  l ime, 
s i l i c a ,  alumina and i ron oxide.  These compounds i n t e r a c t  in the  k i ln  
to  form a s e r i e s  of  more complex products .  These a re  l i s t e d  in Table 1, 
with t h e i r  symbols.
Table 1
Main Compounds in  Por t land  Cement
Name o f  Compound Oxide Composition Abbreviation
Tr ica lc ium S i l i c a t e 3 CaO'SiOg C3S
Dicalcium S i l i c a t e 2 CaO'SiOg CgS
Trica lc ium Aluminate 3 CaO'AlgOg C3A
Tetracalc ium Aluminoferr i te 4 CaO-AlgOg.FegOg C4AF
In add i t io n  to  these  main compounds, minor compounds,such as 
MgO, TiOg, MhgOg, KgO, and NagOjalso e x i s t .  These u su a l ly  amount to  no 
more than a few pe rcen t  of the  cement 's  weight.  However, two of  these  
minor compounds a re  o f  i n t e r e s t :  the  oxides of  sodium and potassium, 
NagO and KgO, a l so  known as a l k a l i e s .  (Note: Other a l k a l i e s  a l so  e x i s t  
in cement.)  These oxides r e a c t  with some ag g reg a te s ,  and the  products 
cause d i s i n t e g r a t i o n  o f  th e  co n c re te ,  as well as a f f e c t i n g  the  r a t e  o f  
ga in  of  cement s t r e n g th  [21] .  T here fo re ,  the  term "minor compounds" 
r e f e r s  simply to  t h e i r  q u a n t i t y  and not n e c e s s a r i l y  to  t h e i r  importance.
The actua l  q u a n t i t i e s  o f  the  compounds vary cons ide rab ly  from 
cement to  cement. In f a c t ,  d i f f e r e n t  types o f  cement a re  obta ined by 
s u i t a b l e  propor t ion ing  o f  the  m a t e r i a l s .
Table 2 gives  the  oxide composit ion o f  a ty p ic a l  cement [22] .
Table 2
Oxide Composition o f  a Typical Type I Por tland Cement
Name o f  Oxide Typical  Oxide Composition Percent
CaO 63
SiOg 20
AlgOs 6
Fe2°3 3
MgO 1.5
SO3 2
KgO 1
NagO 1
Others 1
Loss of  I g n i t io n 2
Inso lub le  Residue 0.5
2 .2 .2  In f luence  o f  Composition on the  C h a r a c t e r i s t i c s  of 
Por t land  Cement. Some c h a r a c t e r i s t i c s  of  th e  p r in c ip a l  compounds of 
Por t land  cement a re  given in Table 3. Knowing these  c h a r a c t e r i s t i c s  
a llows f o r  c o n t r o l l i n g  the  p ro p e r t i e s  o f  th e  cement by a l t e r i n g  the  
p ropor t ions  of  the  compounds. Consider the  following examples.  For a 
cement o f  low h ea t  g en e ra t io n ,  a r e l a t i v e l y  high CgS con ten t  and low C^S 
and CgA cements a re  d e s i r a b l e .  In g e n e r a l ,  the  e a r ly  s t r e n g th  o f  a 
Por t land  cement w i l l  be h igher with  h igher percentages  o f  CgS, and i f  
mois t  cur ing  i s  continuous ,  the  l a t e r  age s t r e n g t h s ,  a f t e r  about 6 months, 
w i l l  a l so  be g r e a t e r  with  the h igher percentages  of  CgS. A low C^ A 
cement genera tes  l e s s  h e a t ,  develops h igher  u l t im a te  s t r e n g t h ,  and 
e x h ib i t s  g r e a t e r  r e s i s t a n c e  to  d e s t r u c t i v e  elements than a cement
conta in ing  l a r g e r  amounts of  t h i s  compound [23 ,24 ] .  Por tland cements 
with a high CgA, such as type I Por tland cement a r e  used because C^ A con­
t r i b u t e s  to  s t r e n g th  developed during the  f i r s t  day a f t e r  w e t t ing .  Thus, 
type I i s  u su a l ly  s u i t a b l e  in  general  concre te  cons t ruc t ion  where t h e re  
i s  no exposure to  su lpha tes  in s o i l s  or in ground water .
Table 3
C h a r a c t e r i s t i c s  of  the  Major Compounds in Por tland  Cement
P ro p e r t i e s  R e la t ive  Behavior of  Each Compound
C3S CgS C3A C ,A F
Rate of  Reaction Medium Slow Fast Slow
Heat L ib era ted ,  per u n i t  o f  Compound Medi urn Small Large Small
Cementing Value,  per  u n i t  o f  Compound in
Early Days of  Hydration Good Poor Good Poor
Ultimate Days of  Hydration Good Good Poor Poor
2 .2 .3  Heat o f  Hydration o f  Cement. Hydration of  cement compounds 
i s  exothermic ,  up to  120 c a l o r i e s  per gram o f  cement l i b e r a t e d .  This heat 
o f  h y d ra t ion ,  as measured, c o n s i s t s  of the  chemical heat  of the  r e a c t io n s  
o f  hydra tion  and the heat  of  adso rp t ion  o f  water on the  su r face  o f  the  gel 
formed by the  process o f  hydra t ion  [25] .
For the  usual range o f  Por tland  cements,  Borgue [26] observed th a t  
about one -ha l f  the  t o t a l  heat  i s  l i b e r a t e d  in  one to  th re e  days ,  about 
th r e e - q u a r t e r s  in  seven days ,  and 83 to  91 pe rcen t  in  s ix  months. Because 
heat depends on the  chemical composition o f  the  cement, reducing the  pro­
p o r t ions  of th e  compounds t h a t  hydra te  most r a p id ly  (C^A and C3 S) ,  checks
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the  high r a t e  of  heat  l i b e r a t i o n  in the  e a r ly  l i f e  of  concre te .
2 .2 .4  The E f fec t  of  A c ce le ra to r s . The a c c e l e r a to r  i s  a sub­
s tance  added to  concre te  t o  inc rease  the  r a t e  a t  which s t r en g th  develops .  
Usually ,  an a c c e l e r a t o r  i s  used when the  concre te  i s  to  be placed a t  low
tempera tures  (30 to  40°F) or when urgent r e p a i r  work i s  to  be done.
Calcium chor ide  i s  a bas ic  and w e l l - t r i e d  a c c e l e r a to r .
Calcium c h lo r id e  increases  the  r a t e  o f  heat  l i b e r a t i o n  during 
the  f i r s t  few hours a f t e r  mixing. CaClg i s  probably a c a t a l y s t  in the  
r e a c t io n  of  C^S and CgS. The hydrat ion of C^ A i s  delayed sometimes, but 
the  normal process  o f  hydra tion of  the  cement i s  not changed.
Addi tion o f  CaClg does decrease  the  r e s i s t a n c e  o f  cement to
s u l f a t e  a t t a c k  and inc reases  the r i s k  o f  an a lk a l i - a g g r e g a t e  reac t ion
when the  aggregate  i s  r e a c t i v e .  On the o th e r  hand, CaClg has been found
to  inc rease  the  r e s i s t a n c e  o f  concrete  to  e r ros ion  and abrasion  [17] .
The ac t ion  of  sodium ch lo r ide  i s  s im i l a r  to  t h a t  of  calcium 
ch lo r id e  but of  lower i n t e n s i t y .  The e f f e c t s  of  NaCl a re  a l so  more v a r i ­
ab le  and a depress ion  in  the heat  of  hydra tion with a consequent loss  of 
s t r e n g th  a t  7 days and l a t e r  has been observed.
Corrosion o f  Steel  in Concrete
2.3 General View o f  Corrosion
Knowledge o f  co r ro s ion  has increased r a p id ly  over the  pas t  20 
y e a r s ,  but  many aspec ts  of the  problem are  s t i l l  not completely under­
s tood. When th e  co rros ion  mechanism i s  sub jec ted  to  a s in g l e  system, the 
s i t u a t i o n  becomes extremely complex. C lear ly  the  f a c to r s  which in f luence  
various  r e a c t io n s  a re  not independent and i t  i s  t h e re fo re  no s u r p r i s e  to
nf in d  c o n f l i c t i n g  th e o r i e s  on th e  na tu re  o f  c o r ro s ion .  However, c e r t a i n  
f a c t s  have been found by means o f  cons ide rab le  s tudy and i n v e s t ig a t i o n .
Corrosion i s  the  d e t e r i o r a t i o n  or d e s t r u c t io n  o f  a metal by means 
o f  a chemical i n t e r a c t io n  with i t s  environment. The re a c t io n  i s  e l e c t r o ­
chemical in na tu re .  According to  Evans [28] ,  corros ion  may be thought  of  
as a tr ansformat ion  o f  the  metal from the elementary to  the  combined 
co n d i t io n .
The corros ion  mechanism of re in fo rc in g  s t e e l  in concrete  i s  
s i m i l a r  t o  t h a t  in a basic  ga lvan ic  c e l l  but much more complicated.  
There fo re ,  a more d e t a i l e d  d i scuss ion  of  th e  general  e lectrochemical  
mechanism i s  necessary.
The e lectrochemical  mechanism is  the  only way a chemical 
r e a c t i o n  can take place  on the  su r face  of  the  r e in fo rc in g  s t e e l .  For 
t h i s  r e a c t io n  to  happen,three  cond i t ions  must be met: ( 1 ) a p o te n t i a l
d i f f e r e n c e  between two metal l i e  a reas  must e x i s t ;  ( 2 ) a conductive path 
must e x i s t ;  (3) proper e l ec t ro d e  r eac t ions  must take  p lace  [29] .  I f  
the se  cond i t ions  e x i s t ,  then the  s t e e l  wi l l  corrode.
2.4 Chemical Reactions
Metals high in the  e lec t rom otive  fo rce  s e r i e s  w i l l  have a 
g r e a t e r  tendency to  corrode.  Iron i s  one metal r e l a t i v e l y  high in t h i s  
s e r i e s  and th e r e f o r e ,  wi l l  have a s u b s t a n t i a l  tendency to  e n te r  in to  
e l e c t r o l y t e  ( so lu t io n  or c o n c r e te ) .  The a rea  where the  metal ions go 
i n to  e l e c t r o l y t e  becomes an anodic reg ion .  This i o n iz a t io n  of  the  metal 
a t  the  anode i s  u sua l ly  ca l l ed  the  f i r s t  or primary s tage  of the  c o r ­
ros ion  r e a c t i o n  and may be w r i t t e n  as the  following equat ion [29,30] :
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Anodic r e a c t io n  Fe + Pe** + 2 i  (1)
The anodic a rea  o f  the  metal con ta ins  an excess  o f  e l e c t r o n s ,  as shown 
by equat ion  ( 1 ) .
In o rder  to  keep an equ i l ib r ium  o f  e l e c t r i c  charges ,  a ca thod ic  
r e a c t io n  must take  p lace .  The ca thod ic  r e a c t io n  can be presented  as
(ca thodic  r e a c t io n )  1/2 O2 + H2 0 + 2e 20H (2a)
2H*+2ë + Hg (2b)
These ca thod ic  r e a c t i o n s ,  u sua l ly  c a l l e d  secondary r e a c t i o n s ,  con tro l  
the  r a t e  o f  co r ros ion  f o r  i ron  or s t r u c t u r a l  s t e e l s .  There fore ,  any 
environmental  condi t ion  a f f e c t i n g  th e se  r e a c t io n s  w i l l  l ikew ise  in f luence  
th e  co r ros ion  r a t e .
Of these  co rros ion  p ro cesses ,  the  ca thod ic  d e p o la r i z a t io n  by 
oxygen ( r e a c t io n  2a) i s  most important [31] .  Since t h i s  r e a c t io n  depends 
on the  co n cen t ra t ion  of  d is so lved  oxygen next to  the  m e ta l ,  th e  r e a c t io n  
i s  a f f e c t e d  by the  degree o f  s a l t  c o n c e n t r a t i o n ,  a e r a t i o n ,  temperature  
and o th e r  f a c to r s  [30] .  Reaction (2b) i s  g e n e ra l ly  not c h a r a c t e r i s t i c  
o f  the  co r ros ion  o f  s t e e l  in  c o n c r e te .  However, such r e a c t io n s  w i l l  
occur in  e i t h e r  acid  s o lu t io n s  or concen t ra ted  a l k a l i n e  s o lu t io n s .
The secondary r e a c t io n s  a llow the  primary r e a c t io n  to  proceed,
T +with  th e  accumulation o f  fe r ro u s  i o n s ,  Fe , in  th e  e l e c t r o l y t e  which, 
in the  presence o f  water and oxygen, a r e  oxid ized  and p r e c i p i t a t e d  as 
r u s t .  Two s tages  of  ox ida t ion  may e x i s t ,  depending on the  a v a i l a b i l i t y  
o f  oxygen [2 8 ,3 0 ,3 2 ] .  The f i r s t  s t a t e  i s  f e r ro u s  hydroxide,  which i s  
more so lu b le  than the  second, hydrated f e r r i c  oxide.  The f i r s t  i s  
u su a l ly  formed a t  the  metal su r face  and i s  conver ted to  hydrated f e r r i c
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oxide  a l i t t l e  d i s t a n c e  away from th e  s u r fa ce  where the  f e r r i c  
hydroxide i s  in  c o n ta c t  with  more oxygen. The green product o f  hydrated 
magnet i te  o r  b lack  anhydrous magnet i te  may a l s o  be formed i f  th e  supply 
o f  oxygen i s  r e s t r i c t e d ,  bu t  th e se  products  a re  not common.
The s t r u c t u r e  and composit ion o f  the  r u s t  changes considerab ly  
wi th  th e  c o n d i t io n s  dur ing  i t s  fo rmat ion .  This s t r u c t u r e  plays  an 
important r o l e  in the  subsequent c o r ro s ion  process  [30 ,32] .  Corrosion 
could be r e t a rd e d  by th e  formation o f  a r u s t  l a y e r  i f  the  l a y e r  i s  hard ,  
d ry ,  and f a i r l y  adheren t  to  the  metal s u r f a c e .  On the  o th e r  hand, i f  
th e  l a y e r  i s  spongy and e a s i l y  de tach ab le ,  i t  w i l l  absorb oxygen and 
mois ture  from the  surrounding media and th e r e f o r e ,  w i l l  a id  f u r t h e r  a c t i v i t y .
Many f a c t o r s  in f lu en ce  th e  r a t e  o f  r e a c t i o n .  I f  a process i s  
composed o f  two or  more r e a c t i o n s ,  as in e lec t rochemical  co r ro s io n ,  the  
r a t e  o f  th e  process  i s  ob ta ined  by the  r a t e  o f  the  s lowest r e a c t io n s  in 
the  spec ia l  cond i t io n s  [30] .  Usually ,  the  primary re a c t io n  i s  much 
f a s t e r  than th e  secondary r e a c t i o n s .  In a d d i t i o n ,  s in ce  the  oxygen con­
c e n t r a t i o n  o f  th e  media i s  the  dominant in f luence  on the secondary 
r e a c t i o n s ,  i t  i s  a l so  th e  dominant f a c t o r  in  th e  ove ra l l  co r ros ion  r a t e .  
However, o th e r  v a r i a b l e s  a re  a l so  impor tan t .  I f  the  cathode i s  la rge  
and consequently  exposed to  a g r e a t e r  amount of  oxygen, the  c e l l  c u r r e n t  
may be s t rong  in  r e l a t i o n  to  anode s i z e  [30 ] .  This inc reases  the  r i s k  
o f  a t t a c k  and causes  a g r e a t e r  p e n e t r a t i o n  r a t e  a t  the  anode a re a .
The tendency o f  the  r e a c t io n  to  proceed i s  determined by the 
magnitude o f  th e  e lec t rochem ica l  p o t e n t i a l .  Three cond i t ions  must e x i s t  
to  r e s i s t  cont inued r e a c t io n  [ 2 ] :  ( 1 ) the  supply o f  e l e c t ro n s  a t  the
metal su r fa ce  must occur  a t  a f a s t e r  r a t e  than the  supply of  reduc ib le
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p a r t i c l e s  from the  media; ( 2 ) the  co rros ion  product must behave as a 
p r o t e c t i v e  coat ing  and r e t a r d  c o r ros ion  r a t e ;  and (3) the  reduc t ion  
r e a c t io n  must be slowed down, even though adequate e l e c t ro n s  and e l e c t r o ­
l y t e  p a r t i c l e s  a re  a v a i l a b l e  a t  the  m e t a l - e l e c t r o l y t e  i n t e r f a c e .  The 
t h i r d  cond i t ion  i s  r e l a t e d  t o  e l e c t r o d e  k i n e t i c s ,  a s u b je c t  s t i l l  not 
f u l l y  understood.  I f  any o f  the  above cond i t ions  e x i s t ,  the  e l e c t ro d e  
p o te n t i a l  changes and the  e l e c t ro d e s  a re  sa id  to  be p o la r iz ed .  The 
in c re a se  in  the  s lope  of  e i t h e r  th e  cathode o r  anode p o la r i z a t i o n  curve 
reduces the  local  c e l l  c u r r e n t  and consequently  the  corros ion  r a t e .
On th e  o th e r  hand, the  reduc t ion  o f  th e  s lope inc reases  the  corros ion  
r a t e .  This reduc t ion  in s lope  o f  the  p o l a r i z a t i o n  curve i s  brought on 
by inc reas ing  the  e l e c t r o d e  a rea  or in t roducing  chemicals which a id  the  
e l e c t r o d e  r e a c t io n .
Var iab les  Affec t ing  th e  Corrosion o f  S tee l  in Concrete
2.5 V ar iab les  Associa ted with Concrete
2 .5 .1  Chloride and i t s  Sources . In normal Por tland  cement, 
c h lo r id e  e x i s t s  in th r e e  forms [33] :  (1) the  f r e e  ch lo r ide  i o n ; (2) 
c h lo r id e  which i s  more or l e s s  s t ro n g ly  bonded with  calcium s i l i c a t e  
h yd ra te s ;  (3) c h lo r id e  which i s  combined in c e r t a i n  types of  compounds 
such as th e  calcium aluminate  c h l o r i d e s ,  calcium f e r r i t e  c h lo r id e s ,  and 
calcium oxychlor ide .  I t  i s  g e n e r a l ly  be l ieved  t h a t  the  t h i r d  type 
o f  c h lo r id e  ( th e  combined) does no t  f u r t h e r  co r ro s ion  o f  th e  r e in fo rc in g  
process  and bonded ch lo r id e s  may or  may not be a v a i l a b l e  t o  cause c o r ­
r o s io n ,  depending on th e  s t r e n g th  o f  th e  bonds and o th e r  f a c t o r s .  The 
f r e e  c h lo r id e  ion does not  a t t a c k  s t e e l  in concre te .  However, t h i s  ion
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does provide  a s u i t a b l e  environment f o r  the  na tu ra l  conversion o f  i ron 
to  i ron oxide [34 ,35] .
Reinforcing s t e e l  does no t  corrode in uncontaminated (no 
c h lo r id e )  Por tland  cement concre te  because o f  the  high pH(12 to  13) 
caused by so lub le  calcium hydroxide o r i g i n a l l y  e x i s t i n g  in the  cement 
[36] .  This high pH i n i t i a l l y  causes the  formation o f  f e r r i c  oxide on 
the  su r face  of  s t e e l ,  which p r o t e c t s  i t  from co r ros ion .
However, when so lub le  c h lo r id e s  a re  int roduced in to  the  con­
c r e t e ,  t h i s  p r o t e c t iv e ,  high pH environment i s  n e u t r a l i z e d .  When s u f ­
f i c i e n t  c h lo r id e  i s  p resen t  to  d e s t roy  the necessary  a l k a l i n i t y  (pH le s s  
than 10) and the  normal p a s s i v i t y  o f  i ron  [12 ,34 ,37 ] ,  th e  na tu ra l  con­
vers ion  of  i ron  to  r u s t  w il l  occur.  An inc rease  in volume w i l l  a l so  
occur  because the  volume o f  th e  r u s t  i s  g r e a t e r  than t h a t  of  the  parent 
i r o n .
A c o n f l i c t i n g  theory  s t a t e s  t h a t  Cl” a t t a ck s  the  pass ive  f i lm 
on the  m e t a l ' s  su r face .  I .  Tokuda and M.B. Ives [38] p resented  two 
mechanisms f o r  Cl” on the pass ive  f i l m .  In the  case o f  a t h in  f i lm  
( n i c k e l ) ,  the  pass ive  s t a t e  o f  the  f i lm  is  s u f f i c i e n t  to  block any d i s ­
s o l u t i o n ,  al though the  metal r e a c t i v i t y  i s  unchanged. However, when Cl” 
i s  incorpora ted  in or  absorbed on th e  pass ive f i lm ,  i n h i b i t i o n  i s  reduced 
and d i s s o l u t i o n  i s  permit ted .  These find ings  a re  supported by the  f a c t  
t h a t  the  anodic c u r r e n t  i s  increased  by the add i t io n  of  0 1 ” , even when 
no p i t t i n g  occurs a t  those regions  o f  the  su r face  where d i s s o l u t i o n  i s  
permit ted  f i r s t .
The absorbing or p e n e t r a t i n g  a b i l i t y  o f  the  aggress ive  cl  ions 
i s  dependent on the  nature  of  the  pass ive  f i lm .  When the  f i lm i s  th ick
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or  s t a b l e ,  only the  d i s s o l u t i o n  ( r e a c t i v i t y )  of  the  metal i t s e l f ,  and 
the  i n h i b i t i v e  a c t io n  o f  the  pass ive  f i lm  a re  in f a c t  r e l e v a n t  to  a 
d i s cu s s io n  of  the  case  o f  p i t t i n g .
Okamoto [39] has proposed t h a t  a p e n e t r a t io n  o f  Cl" in the  
pass ive  f i lm  may take  place  during anodic p o l a r i z a t i o n ,  r e s u l t i n g  in a 
"contaminated f i lm " .  I t  has been assumed t h a t  the  p ass ive  f i lm  (without 
Cl ) i s  a hydrated oxide f i lm  with a g e l - l i k e  s t r u c t u r e .  There i s  no 
doubt t h a t  c h lo r id e  ions added in to  s o lu t io n  absorb on the  f i lm  surface  
and rep lace  water molecules as p a r t  o f  the  HgO-MOHg s t r u c t u r e .  This 
a c t i o n  may s h i f t  th e  s t r u c t u r e  o f  the  f i lm  from one type t o  another .  
Okamoto a l s o  concluded t h a t  the  r e s i s t a n c e  o f  the  pass ive  f i lm  to  co r ­
ros ion  i s  almost completely  c o n t ro l l e d  by the  na ture  o f  the  pass ive  fi lm 
i t s e l f ,  in which the  bound water in th e  f i lm  plays an important r o l e .  
This bound water may r e a c t  to  give various  spec ies  o r  be rep laced  by the 
o th e r  ions from th e  sur roundings ,  r e s u l t i n g  in a d i s r u p t io n  o f  the  f i lm .  
On the  o th e r  hand, the  bound water may a l so  behave as the  e f f e c t i v e  
spec ie s  f o r  cap tur ing  the  d is so lv ing  ions and forming r e s i s t a n c e  in the 
new f i lm .
Chloride may be p re sen t  in f r e s h  concre te  but i t  a l so  permeates 
in to  hardened concre te  from environments conta in ing  c h lo r id e .
2 . 5 . I . I  Chloride P resen t in  Fresh Concrete
One source o f  c h lo r id e  in f r e sh  concre te  i s  calc ium, which is  
f r eq u e n t ly  used as an a c c e l e r a t o r  f o r  s t r e n g th .  Another source i s  sea ­
water  which i s  used as  concre te  mixing water in  c e r t a i n  c o as ta l  areas  
where f r e s h  water i s  not a v a i l a b l e .  S a l t  can a l so  be in troduced by a 
sa l t -con tam ina ted  aggregate  in the  concre te  mix.
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2 , S . t . 2 D iffu sion  o f  C hloride in to  Concrets
Diffusion  o f  c h lo r id e  ions  through the  concre te  cover i s  an 
important parameter a f f e c t i n g  the  co rros ion  time o f  r e in fo r c in g  s t e e l .
Even in  concre te  with a low water-cement r a t i o ,  c h lo r id e  ions could d i f ­
fuse through the  mass o f  concre te  and bui ld  up to  a level  s u f f i c i e n t  to  
induce co rros ion .
In t ru s io n  o f  c h lo r id e  in to  concre te  i s  a r e l a t i v e l y  slow pro­
ces s .  These c h lo r id e  ions can in t ru d e  by two basic  mechanisms: c a p i l ­
l a ry  flow o f  bulk s o lu t io n  in to  u n d e r - sa tu ra ted  concre te  and d i f f u s io n  
ions across  a concen t ra t ion  g ra d ie n t  in s a tu r a te d  c a p i l l a r i e s .  What 
each mechanism c o n t r ib u te s  to  the  t o t a l  amount of  c h lo r id e  p e n e t r a t in g  
under ac tua l  f i e l d  cond i t ions  i s  not known. However, i t  seems l i k e l y  
t h a t  c a p i l l a r y  fo rces  pull  the  bulk so lu t io n  in to  the  su r face  l a y e r s ,  
and th e  d i f f u s io n a l  fo rces  behave a c t i v e l y  in r e l a t i v e l y  s a tu r a te d  con­
c r e t e .  I n v e s t ig a to r s  [40,41]  who have measured the  d i f f u s io n  c o e f f i c i e n t  
fo r  c h lo r id e  ions in cement and concre te  have found i t  to  be in  o rder  
o f  1 0 "^ cm^/sec.
2 .5 .2  Oxygen. Oxygen i s  not only e s s e n t i a l  in  corros ion  but 
i s  p r im ar i ly  r e spons ib le  f o r  i t s  progress  and r a t e  [3 0 ,32 ,42 ,43 ] .  Oxygen 
behaves as a d e p o la r i z e r  a t  the  cathode and consequently  tends to  inc rease  
the  corros ion  r a t e .  Thus, t h i s  r a t e ,  in an a c t i v e  metal such as s t e e l ,  
i s  d i r e c t l y  p ropor t ional  to  the  amount of  d isso lved  oxygen [35 ,4 4 ] .  In 
f a c t ,  in  aera ted  s o l u t i o n s ,  the  e f f e c t  of  oxygen tends to  overshadow 
every th ing  e l s e  [44] .
S t r a t f u l l  [45] even b e l ieves  t h a t  oxygen can d ep o la r ize  or
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reduce the  e f f e c t i v e n e s s  of  ca thod ic  p r o te c t io n  by the formation of  
hydroxides .  The re fo re ,  l e s s  p r o t e c t io n  o f  s t e e l  w i l l  be made.
An unequal d i s t r i b u t i o n  o f  oxygen over the  su r face  o f  the  s t e e l  
w i l l  s e t  up anodic and ca thodic  a re a s  [2 8 ,3 0 ,3 1 ] .  Anodic a reas  a r e  those  
with  l e s s  access  to  oxygen and ca thod ic  reg ions .  Thus, a c e l l  i s  s e t  up 
along the  s t e e l .  There fore ,  th e  presence  o f  oxygen in varying co ncen t ra ­
t i o n s  along th e  re in forcement  w i l l  tend t o  in c rease  the  p o s s i b i l i t y  of 
co r ro s io n .
2 .5 .3  E f fe c t  o f  D i f f e r e n t  Types o f  Por t land  Cement. Knowledge 
of  the  compound composit ion o f  d i f f e r e n t  types o f  Por tland cement i s  
important in  unders tanding the  e f f e c t  o f  var ious  types of  cement on the  
co r ro s io n  o f  s t e e l  in  co ncre te .  Table  4 shows the  typ ica l  compound 
composi t ion.
Some i n v e s t i g a t o r s  th in k  t h a t  the  t r i c a l c iu m  aluminate  p re sen t  
in Por t land  cement i s  e f f e c t i v e  f o r  c h lo r id e  removal and can t h e r e f o r e ,  
provide p ro te c t i o n  a g a in s t  s t e e l  c o r ro s io n .  C onf l ic t ing  th e o r i e s  a re  
found in the  l i t e r a t u r e  with  regard  t o  th e  minimum t r i c a lc iu m  aluminate  
con ten t  necessary  to  p revent  c o r ro s io n  o f  r e in fo r c in g  s t e e l  in  concre tes  
exposed to  c h lo r id e s  [47 ,48] .
Another unanswered ques t ion  concerns the  p r o t e c t iv e  in f luence  of  
Por t land  cement.  That i s ,  c e r t a i n  Por t land  cement compounds or  t h e i r  
hydra t ion  products  can reduce the  d e l e t e r i o u s  e f f e c t s  o f  c h lo r id e  by 
removing i t  from the  l i q u i d  phase which con ta ins  a cons iderab le  pro­
po r t io n  of  c h lo r id e .
However, t h e r e  i s  evidence t h a t  d i f f e r e n c e s  in the  composition 
o f  Por tland  cements do play an im por tan t  r o l e  in  s t e e l  corros ion
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Table 4
Compound Composition o f  D i f f e r e n t  Types 
o f  Por t land  Cements [46]
Compound Composition, Percent
Cement Value C3 S CgS C3A C4AF CaSO^ FreeCO MgO
Ig n i t io n
Loss
Number of 
Samples
Type
I
Max. 67 31 14 12 3 .4 1.5 3.8 2.3
Min. 42 8 5 6 2 . 6 0 0.7 0 . 6 21
Mean 49 25 12 8 2.9 0 . 8 2.4 1 . 2
Type
II
Max. 55 39 8 16 3.4 1 . 8 4.4 2 . 0
Min. 37 19 4 6 2 . 1 0 . 1 1.5 0.5 28
Mean 46 29 6 12 2 . 8 0 . 6 3.0 1 . 0
Type
I I I
Max. 70 38 17 10 4.6 4.2 4.8 2.7
Min. 34 0 7 6 2 . 2 0 . 1 1 . 0 1 . 1 5
Mean 56 15 12 8 3.9 1.3 2 . 6 1.9
Type
IV
Max. 44 57 7 18 3.5 0.9 4.1 1.9
Min. 21 34 3 6 2 . 6 0 1 . 0 0 . 6 16
Mean 30 46 5 13 2.9 0.3 2.7 1 . 0
Type Max. 54 49 5 15 3.9 0 . 6 2.3 1 . 2
V Min. 35 24 1 6 2.4 0 . 1 0.7 0 . 8 22
Mean 43 36 4 12 2.7 0 .4 1 . 6 1 . 0
a sso c ia ted  with  c h lo r id e s .  Baumel [49] has found t h a t  cements with low 
AlgOg con ten ts  (~ 4%) e x h i b i t  more a c t i v e  e lec t rochemical  behavior a t  
lower CaCl£ concen t ra t ions  than cements con ta in ing  a h igher  proportion of 
a luminates  (~ 7%).
The remaining in f luences  on the  co r ros ion  process  which can be 
t i e d  to  cement composit ional v a r i a b le s  a re  mostly i n d i r e c t  in na ture .
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For example, a very f i n e  cement may e x h i b i t  l a rg e r  drying shrinkage than 
one which Is  not f i n e .  This shrinkage Increases  the  p r o b a b i l i t y  of  
cracking In the  hardened concre te  and allows aggress ive  agen ts ,  such as 
d e lc e r  s a l t s ,  to  p e n e t r a te  more ra p id ly  to  the  s t e e l .  The same e f f e c t  
may be seen In cements low In gypsum [50] .  An Increase  In cement f i n e ­
ness may a lso  Inc rease  the  water demand o f  a concre te  mix, thus Increas ing  
the  ne t  water-to-cement r a t i o  (w/c) and consequently the  pe rm eab i l i ty  of 
the  concre te .  Blaine [51] e t  a l .  have found a s im i la r  r e l a t i o n s h i p  
between AlgOg, C^A, and the  water demand.
I t  Is  be lieved t h a t  the  CgA of  Por tland cement may r e a c t  with a
ch lo r id e  so lu t io n  and take  much o f  the  c h lo r id e  out of  the  s o lu t io n  by 
forming an Inso lub le  compound, CgA-CaClg- 10 HgO [52 ,53] .  Roberts [54] 
found very l i t t l e  co r ros ion  f o r  type I Por tland  cement (9 percen t  C^A) 
when 1 .4  percen t  CaClg by weight o f  cement was p re sen t ,  while cons ide rab le  
corros ion  took p lace  f o r  the  type V Por tland cement (1 pe rcen t  CgA) con­
ta in in g  the  same amount of  CaClg.
However, under some cond i t ions  even high C^ A Portland cements 
may not be e f f e c t i v e  chloride-removing agents ,depending on the  type o f  
c ry s ta l l o g r a p h i c  form. A review of both publi shed experimental data  and 
th e o r e t i c a l  cons id e ra t io n s  shows t h a t  the  type  o f  t r i c a lc iu m  aluminate
p resen t  and the  source o f  the  c h l o r i d e , a s  well as the  amount, a re
necessary f a c to r s  In p re d ic t in g  the  co rros ion  behavior of  s t e e l  In 
re in fo rced  concre te .
Regourd [55] has done work on t h i s  c h ry s ta l l o g rap h ic  form. He 
repor ted  t h a t  the  formation and the  s t a b i l i t y  of the  chloroalumlnate  
hydrate In Por tland cement pas tes  exposed to  sea water may be r e l a t e d
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t o  the  c r i s t a l l o g r a p h i e  form of  C^A presen t  in  cement. C^ A can e x i s t  
in  commercial Por tland cements in  th r e e  c r i s t a l l o g r a p h i e  forms: cub ic ;  
orthorhombic;  or  t e t r a g o n a l .  In h id ra ted  cement pas tes  exposed t o  sea 
water .  Regourd found t h a t  e t t r i n g i t e  r a t h e r  than the  chloroaluminate  
h i d r a t e  was the p re fe r r e d  phase in  cement conta in ing  cubic C^A, but 
s i g n i f i c a n t  p ropor tions  o f  the  ch loroaluminate  h id ra ted  co -ex is ted  with  
e t t r i n g i t e  in cements conta in ing  orthorhombic or  te t ragona l  C^A.
2 .5 .4  E f fe c t  o f  pH. The pH o f  a corroding s o lu t io n  has a 
n o t i c e ab le  e f f e c t  on the  co rros ion  r a t e  o f  me ta ls .  Large cracks  in 
r e in fo rced  concre te  allow the  s a l t - c o n t a i n i n g  so lu t io n s  e a s i  access  to 
the  i n t e r i o r .  Furthermore,  the  s o lu t io n s  mai be flowing in to  and out o f  
the  c rack .  This cond i t ion  makes i t  d i f f i c u l t  to  mainta in  the  normal PH 
of  about 12.5 from s a t u r a t i o n  b i  CafOHÏg, which would e x i s t  in a crack 
i f  th e r e  were no flow. Several i n v e s t ig a t i o n s  have considered the  
in f lu en ce  o f  t h i s  c h lo r id e  ion m igra t ion  in to  concre te  on pore water  
pH [56 ,57] ,  and a decrease  in pH from a value  near t h a t  of  water-  
s a tu r a t e d  concre te  (pH=12.35) has been observed.
Shalon and Raphael [36] have in v e s t ig a te d  th e  e f f e c t  o f  pH in 
general  and have found t h a t  the  minimum pH f o r  i n h ib i t i o n  of  s t e e l  v a r ie s  
from 11.5 to  12.75 depending on the  na ture  o f  corrodent and the  degree 
o f  a e r a t i o n .
With the  use o f  th e  Pourbaix diagram, Metzger [58] has ind ica ted  
t h a t  co r ros ion  would occur in an Fe-HgO system a t  25°C f o r  pH values 
between 0 and 10 and f o r  pH values g r e a t e r  than 12. These values depend 
on the  e l e c t r i c a l  p o t e n t i a l  of  meta l .
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Mayne and Menler [59] have poin ted ou t  t h a t  s t e e l  becomes 
pass ive  in  calcium and sodium hydroxide s o lu t io n s  because of  th e  forma­
t i o n  o f  an impervious l a y e r  o f  f e r r i c  products  on th e  s t e e l  su r f a c e .
Weak a reas  in  th e  i n i t i a l  r u s t  l a y e r  a r e  f i r s t  r e p a i r e d  by th e  formation 
o f  f e r ro u s  hydroxide ,  which then r e a c t s  with  oxygen to  form Fe^O^ 
(magneti te )  and FegOg ( f e r r i c  o x id e ) .  D i rec t  e lec t rochemical  production 
o f  f e r r i c  oxide causes l a t e r  r e p a i r .  However, th e  p r o t e c t i v e  f i lm  would 
be d i s ru p te d  and c o r ro s io n  would proceed i f ,  f o r  some reason ,  th e  hydroxide 
ion c o n ce n t ra t io n  were decreased .
2 .5 .5  The E f f e c t  of  M ois tu re . Moisture  induces co r ros ion  
r e a c t i o n s .  All co r ro s iv e  v a r i a b l e s  become i n e f f e c t i v e  in i t s  absence 
[45] .  In a d d i t i o n ,  mois tu re  p e n e t r a t i o n  i s  the  way any e x te rna l  sub­
s tan ces  such as c h l o r i d e ,  d is so lved  oxygen and carbon dioxide  f in d  access 
to  the  re in forcem ent .  A co r ros ion  c e l l  w i l l  be s e t  up along the  
re inforcement  because o f  d i f f e r e n t i a l  mois tu re  c o n te n t  and th e  a reas  
having the  g r e a t e s t  mois tu re  co n ten t  w i l l  be anodic [12 ,60 ] .  Thus, 
local  co r ro s ion  occurs by the  flow o f  c u r r e n t  from anodic t o  ca thod ic  
a r e a s .  The conduction  o f  e l e c t r i c i t y  through mois t  concre te  i s  be l ieved  
to  be the  movement o f  ions  in the  absorbed water o f  the  p a s te  matr ix  and 
in  some cases  in  the  pores of  the  aggregate  p a r t i c l e s ,  any v a r i a b l e s  
a f f e c t i n g  the  amount o r  p r o p e r t i e s  o f  w a te r - a b s o rp t io n ,  o r  th e  kind or  
number of  ions w i l l  i n f lu en ce  the  r e s i s t a n c e  of  c oncre te  and th e r e f o r e  
th e  c u r r e n t  f low. Thus, the  m o is tu re  co n ten t  type o f  co r ros ion  mechanism 
can be an important element in the  co r ro s io n  of  s t e e l  in  conc re te .
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2 .5 .6  The E f f e c t  o f  COg- Calcium hydroxide i s  converted to  
calcium carbonate  when carbon d ioxide  (COg) i s  absorbed in to  the  c o n c re te .  
This r e a c t io n  w i l l  reduce the  pH and consequently  the  p r o t e c t iv e  value
o f  the  concre te  [4 2 ,6 0 ,6 1 ,6 2 ] .  A pH lower than 10 may r e s u l t  in  the  
c o r ros ion  o f  s t e e l  in  th e  co ncre te .
There i s  s u f f i c i e n t  evidence to  prove t h a t  the  p o s s i b i l i t y  of  
c a rbonat ion  i s  not very g r e a t  in high q u a l i t y  c o n c r e te ,  and when i t  does 
occur ,  i s  in the  range o f  a few m i l l i m e t e r s .  There fore ,  in  th e se  con­
c r e t e s ,  the  pH i s  not a f f e c t e d  [36] ;  however, i t  i s  in low q u a l i t y  
co n c re te .
Carbonation in c rease s  th e  shrinkage o f  concre te  which r e s u l t s  in 
c racks  [61] and an in c rease  in  p o ro s i ty .  These allow mois ture  and co r ­
ro s iv e  chemicals to  p e n e t r a t e  in to  th e  concre te  and promote c o r ros ion .
2 .5 .7  S u l f a t e  A t t a c k . S a l t s  in  th e  s o l i d  form do not a t t a c k  
c o n c re te ,  bu t  when p re sen t  in  s o l u t i o n ,  they may r e a c t  with  the  hardened 
cement p a s t e .  Sodium, calcium and magnesium s u l f a t e s  and ground water 
a r e  p re sen t  in some c l a y s ,  in the  form of  a s u l f a t e  s o l u t i o n .  An a t t a c k  
by the se  s u l f a t e s  in s o lu t io n  may then take  p lace  because of  r e a c t io n s  
w i th  Ca(OH)g and calcium aluminate  hydra te .
The products o f  the  r e a c t i o n s ,  gypsum and calcium sulphoaluminate,  
have a g r e a t e r  volume than the  compounds they r e p la ce .  There fore ,  these  
r e a c t io n s  with the  s u l f a t e s  lead  to  expansion and d i s r u p t io n  of  th e  con­
c r e t e .
The re a c t io n  o f  sodium su lpha te  with  Ca(OH)g may be expressed as
fo l lows:
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CafOHig + NaSO^ylOHgO -»■ CaSO^-aHgO + 2NaOH + SHgO (3)
Calcium hydroxide i s  completely leached out in  produced water ,  but i f  
NaOH accum ula tes ,equ i l ib r ium  w i l l  be e s t a b l i s h e d  and only  a p a r t  of SO3 
w il l  be depos i ted  as gypsum. There fo re ,  d i s ru p t io n  o f  the  concre te  w il l  
be l e s s .
The r e a c t io n  with  calcium aluminate  hydra te  may be w r i t t e n  as 
fo llows [53] :
2 ( 3 CaO-Al2 0 3 * 1 2  HgO)+ 3(NaS0^-10 HgO) +
3 Ca0 -Al2 0 3 *3 CaS0 ^ - 3 1  H2 O + 2A1 (0 H) 3  +6NaOH+17 H2O.
Calcium s u l f a t e  only re a c t s  with  calcium aluminate  hydra te ,  form­
ing sulphoaluminate  ( 3 Ca0 *Al2 0 3 -3 CaS0 ^ - 3 1  H2 O). On the  o th e r  hand, 
magnesium su lp h a te  a t t a ck s  calcium aluminate  hydra te ,  calcium s i l i c a t e  
hydra te s  and Ca(0 H)2 - The p a t t e rn  o f  the  r e a c t io n  i s  given as
3 Ca0 ' 2 S i0 2 'aq  + MgSÜ4 ' 7 H20  ^  CaS0 4 ' 2H2 0  + Mg(0 H) 2  + SiO^'aq (5)
An in c rease  in the  s t r e n g th  o f  the  s o lu t i o n  inc reases  th e  r a t e  
o f  th e  s u l f a t e  r e a c t i o n ,  al though beyond a concen t ra t ion  of  0.5 percent 
o f  MgSO  ^ or  1 pe rcen t  Na^SO^ the  i n t e n s i t y  o f  the  a t t a c k  does decrease  
[53] .  Serious  d e t e r i o r a t i o n  o f  concre te  occurs in a s a tu r a te d  MgSO^  
s o lu t io n  with  low water/cement r a t i o .  This s i t u a t i o n  only occurs a f t e r  
2 to  3 y ea r s  [63] .
However, i t  should be noted t h a t  CaSO^ i s  not an important 
f a c t o r  in  a t t a c k in g  concre te  because o f  i t s  low water s o l u b i l i t y .
These s u l f a t e  a t t a c k s  s t a r t  a t  the  edges and corners  o f  the 
c o n c r e te ,  followed by p rog ress ive  cracking  and s p e l l i n g  which reduce the
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the  concre te  to  a f r i a b l e  or  even s o f t  s t a t e .  Low C^ A cement reduces the  
s u l f a t e  a t t a c k ,  and impermeabili ty plays an important r o l e  in c o n c r e te ' s  
r e s i s t a n c e  as w e l l .
2 .5 .8  Concrete Cover. Obviously,  th e  th ickness  of  the  cover 
over th e  s t e e l  i s  very important because t h i s  cover p ro te c t s  the  s t e e l  
from f a c to r s  promoting corros ion .
A t h i c k e r  concre te  cover over the  re inforcement  means a g r e a t e r  
r e s i s t a n c e  to  the  pen e t r a t io n  of  environmental  s a l t s ,  oxygen, and carbon 
dioxide to  the  s t e e l  su r fa ce .  Therefore ,  t h i s  th ickness  postpones the 
i n i t i a t i o n  of  co r ro s io n .  Evans [64] even sugges ts  t h a t  th i c k e r  covers,  
because of  t h e i r  g r e a t e r  s t r e n g th ,  a re  dis lodged l e ss  e a s i l y  from in t imate  
co n tac t  with  the  s t e e l  which may produce " r u s t  s t i f l i n g "  and a f fo rd  
permanent p r o te c t io n .
Kinneman [65] s t a t e s  t h a t  a 1/2 inch cover o f  sound, high-grade 
concrete  w i l l  p reserve  s t e e l  from s a l t - w a t e r  co r ros ion  although he a lso  
sugges ts  a 2 to  2-1/2  inch cover f o r  unpres t ressed  concre te .  Friedland 
[ 6 6 ] r e p o r t s  t h a t  a concre te  with a maximum aggregate  s i z e  o f  3/8  inch 
shows an improvement in corros ion r e s i s t a n c e  when the  cover i s  increased 
from 1/4 to  7/16 inch. I t  should be noted,  however, t h a t  the  required  
th ickness  i s  r e l a t e d  to the  q u a l i ty  of  the  concre te .
2 .5 .9  Quali ty  o f  Concrete . The pe rm eab i l i ty  o f  the concrete  
w i l l  determine th e  degree of  p e n e t r a t io n  f o r  a given th ickness  of cover 
in a given environment.  The permeabi l i ty  o f  concre te  depends on severa l  
v a r i a b l e s .  The most important ones being th e  water-cement r a t i o ,  
aggregate  grading ,  the  cement-aggregate r a t i o  and cons is tency  [45] .  An 
unders tanding of  th e se  f a c t o r s  allows modern concre te  technology to
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design a high q u a l i t y ,  impermeable concrete  which gives  high p ro tec t io n  
fo r  the  l i f e  o f  a s t r u c t u r e  in a co r ro s iv e  environment.  Shalon and 
Raphael [36] have d iscussed  th e se  f a c to r s  when they d e sc r ibe  a high 
q u a l i t y  concrete  a s ,  "The kind o f  concrete  which can be achieved only 
by c lo se  a t t e n t i o n  to  every d e t a i l  in connection with the  s e l e c t i o n  of  
m a t e r i a l s ,  propor tioning  o f  the  mix to  produce a t r u l y  p l a s t i c  concre te  
having a r e l a t i v e l y  low water-cement r a t i o ,  and thorough conso l ida t ion  
o f  the  concre te  as p laced ."
Tyler [67] has found t h a t ,  in  gen e ra l ,  a low water-cement r a t i o  
(0 .4 -0 .5 )  concre te  w i l l  a f fo rd  b e t t e r  p ro te c t io n  than a concre te  with a 
s i m i l a r  consis tency  but having a high water-cement r a t i o  (0 . 6  and h ighe r ) .  
Usually a low water-cement r a t i o  concre te  a l so  needs h igher cement f a c to r s  
than normally requ ired  f o r  s t r e n g th  requirements.  S p e c i f i c a t io n  of  the  
b e s t  water-cement r a t i o  cannot be made, however, un less  the  mix c o n s i s ­
tency i s  a l so  considered .  This consis tency  has a tremendous e f f e c t  on 
the corros ion  r a t e ,  not accounted f o r  by the  water-cement r a t i o  or  the  
cement con ten t  [ 6 6 ] .
Aggregate grada t ion  i s  ano ther  f a c t o r  which must be considered 
f o r  high q u a l i t y  concrete  s ince  wel l-graded aggregate i s  important fo r  
low permeabi l i ty  [ 6 6 , 6 8 ] .  Data taken by Fiedland [ 6 6 ] in d ic a te s  t h a t  
c o a r se r  grading inc reases  the p ro t e c t i v e  q u a l i t y  o f  conc re te ;  however, 
the  spread o f  the  data  i s  too g re a t  to  guarantee the conclus ions .
A cons ide ra t ion  of  the se  v a r i a b le s  in d ica te s  t h a t  the  p ro te c ­
t i v e  q u a l i t y  of  concre te  may be increased by proper propor t ion ing  of 
the  m a te r i a l s .  I t  should be pointed o u t ,  however, t h a t  no m at te r  how 
c a r e f u l l y  the mix s p e c i f i c a t i o n s  are  prepared,  proper superv is ion  and
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s i t e  con tro l  a re  requ ired  to  in su re  the  ca re fu l  mixing and p lacing 
techniques  [45] .
2.6 Variab les  Assoc ia ted with  Steel
Any h e t e r o g e n e i t i e s  in the  s t e e l ' s  su r face  produces d i f f e r e n c e s  
o f  e f f e c t i v e  p o te n t i a l  and thus  co r ros ion  c e l l s .  This nonhomogeneity i s  
caused by d i f f e r e n c e s  in chemical composit ion over the  s t e e l ' s  s u r f a c e ,  
d i f f e r e n c e s  in t e x t u r e ,  and d iscon t inuous  su r face  lay e r s  [30] .  These 
d i f f e r e n c e s  in chemical composit ion may be due to  g ra in  boundar ie s ,  
i m p u r i t i e s ,  or  a change in the  co rros ion  r e s i s t a n c e  o f  the  m ic ro s t ru c tu re ,  
and they produce the  d i f f e r e n t  p o t e n t i a l s  which in c rease  th e  r i s k  of 
co r ro s io n ,  and, in a d d i t i o n ,  may tend to  l o c a l i z e  the  a c t io n  [29] .  From 
the  s tan d p o in t  o f  t o t a l  c o r ro s io n ,  however, these  v a r i a b le s  a re  not as 
important as the  ex terna l  cond i t ions  o f  the  concre te  [30] .
Another f a c t o r  causing d i f f e r e n c e s  in p o te n t i a l  i s  s t r e s s ,  
e i t h e r  s t a t i c  or c y c l i c , i n  the  re inforcement .  Borgmann sugges ts  t h a t  
t h i s  s t r e s s  i s  simply a m odif ica t ion  of  th e  b im e ta l ic  couple problem: 
the  c r y s t a l l i n e  s t r u c t u r e  in the  s t r a in e d  a reas  has a somewhat d i f f e r e n t  
con f ig u ra t io n  from t h a t  in the  uns t ra ined  a reas  [31] .  The rearrangement 
i s  such t h a t  the  s t r a in e d  reg ions  become negat ive  o r  anodic compared to  
the  uns t ra ined  reg ions .  Consequently,  e lec t rochemical  couples [16] a re  
s e t  up. Tension s t r e s s e s  a l so  cause t ro u b le  in co r ro s io n .  These s t r e s s e s  
produce a fo rce  on the  g ra in  boundaries ,  a t  the  s t e e l  s u r f a c e ,  and in the 
cases  where co r ros ion  appears along these  boundar ie s ,  th e  s t r e s s e s  w i l l  
s p l i t  up the  grooves produced between g r a in s .  This e f f e c t  causes f u r t h e r  
co r ro s ive  a t t a c k  along th e  boundaries  and s imultaneously  c r e a t e s  s t r e s s
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concen t ra t ions  which d e s t roy  the  p r o t e c t iv e  su r face  f i lms  and predispose  
th e  s t e e l  to  cont inued a t t a c k  [28 ,29] .
The co r ros ion  w i l l  be i n t e r g r a n u l a r ,  in the  case  of  s t a t i c  
s t r e s s e s .  In the  cases  o f  c y c l i c  s t r e s s e s ,  th e  corros ion  i s  t r a n s -  
g ra n u la r  and tends to  fo llow those planes  where resolved  shear  s t r e s s e s  
a r e  maximum. I f  the  range o f  a l t e r n a t i n g  s t r e s s e s  goes beyond a c e r t a i n  
l e v e l ,  def ined  as the  " f a t i g u e  l i m i t " ,  any c rack  s t a r t i n g  a t  the  s t e e l  
su r face  w i l l  cont inue  through the  c ross  sec t io n  u n t i l  a f r a c t u r e  occurs.  
F a i lu r e  never happens below the  f a t i g u e  l i m i t  no m at te r  how many cycles  
a r e  app l ied  when c o r ro s iv e  e f f e c t s  a re  absen t .  However, the  s t e e l  s t r u c ­
t u r e  becomes u ns tab le  when c o r ro s iv e  cond i t ions  a re  p re sen t .  Conse­
q u en t ly ,  d e t e r i o r a t i o n  w i l l  occur a t  the  crack boundaries and the  crack 
w i l l  extend no m a t te r  how low the  s t r e s s  range [28] .
The s t r e s s e s  f o r  r e in fo r c in g  reb a r  in concre te  a re  normally 
l e s s  than requ ired  to  cause major co r ro s ion .
Another c h a r a c t e r i s t i c  o f  metal which reduces i t s  tendency to 
corrode  i s  i t s  p a s s i v i t y ,  th e  a b i l i t y  to  become in a c t iv e  in  a given 
environment. In o th e r  words, a pass iva ted  metal i s  one with more noble 
p o te n t i a l  under c e r t a i n  environmental  c o n d i t io n s .  I t  should be noted 
t h a t  al though p a s s i v i t y  i s  due to  a p r o t e c t iv e  f i lm  on the  m e ta l ' s  
s u r f a c e ,  i t  i s  s t i l l  r e l a t e d  to  the  m e ta l ' s  p r o p e r t i e s .  P a s s i v i t y ,  how­
ever ,  i s  a f f e c t e d  by environmental  cond i t ions  and can be reduced in  a 
h ighly  c o r ro s iv e  environment.
The mil l  s c a l e  on th e  r e in fo r c in g  s t e e l ' s  su r face  has a 
tremendous e f f e c t  on th e  co r ro s io n  of  s t e e l .  Reinforcing rods o f  the 
deformed type a re  h o t - r o l l e d  in a i r  and th e r e f o r e ,  have var ious  types and
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amounts of mi l l  s c a l e  on t h e i r  s u r f a c e s .  The mill  s c a le  can a c t  as the  
cathode of a couple whose anode i s  the  s t e e l  base .  Since the  mil l  s ca le  
w i l l  not form a cont inuous  c o a t in g ,  bare  p a r t s  a re  found where th e  s ca le  
has f laked  o f f .  Scaled and bare  su r faces  combined with  a e r a t i o n  or  de­
a e r a t i o n  cause c e l l s  which in tu rn  cause co rros ion .
P a s s iv i t y  and I t s  C h a r a c t e r i s t i c s
P a s s iv i ty  i s  th e  lo s s  of  chemical r e a c t i v i t y  of  c e r t a i n  metals 
and a l lo y s  under p a r t i c u l a r  environmental c o n d i t io n s .  Two th e o r i e s  a re  
more accep tab le  than the  o th e r s  in expla in ing  p a s s i v i t y :  ( 1 ) the  oxide
f i lm  theory; (2) the  adsorp t ion  f i lm  theory .  According to  the  former,  
a d i f f u s io n  l a y e r  o f  r e a c t io n  products  forms a b a r r i e r  in which metal 
oxide or  o the r  compounds keep the  metal s ep a ra te  from i t s  environment. 
Consequently, t h e  r e a c t io n  r a t e  slows down. According to  the l a t t e r  
theory ,  the  metal i s  covered by a chemisorbed f i lm —t h a t  i s ,  oxygen.
This chemisorbed l a y e r  d i sp la ce s  the  adsorbed HgO molecules and slows 
down the  r a t e  of  th e  anodic r e a c t i o n ,  or  hydra tion  of  the  metal ion .  
P a s s iv i ty  breaks down because of  th e  presence o f  c h lo r id e  ions .  Accord­
ing to  the  oxide f i lm  th eo ry ,  the  c h lo r id e  ion e i t h e r  pene t ra te s  the  
oxide f i lm  through the  pores or may col l o i d a l ly  sep a ra te  the  oxide f i lm 
and thus  inc rease  i t s  pe rm eab i l i ty .  According to  the  adsorp t ion  theory .  
Cl" may adsorb on the  metal s u r fa ce  in competi t ion with d is so lved  Og or  
oh" [75] .  C l" ,  in  c o n tac t  with  the  m eta l ,  inc reases  i t s  d i s s o l u t i o n .
A number of  i n v e s t i g a t o r s ,  namely Hoar [ 6 9 ] ,  Bianchi,  e t  a l .  
[70 ] ,  Kortum and Bockris [7 1 ] ,  S e i jk a ,  e t  a l .  [7 2 ] ,  H.H. Uhlig [35] ,  
V e t te r  [73] ,  Pourbaix [74 ] ,  Okamoto [39 ] ,  and o the rs  have done work on
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the  su b jec t  o f  p a s s i v i t y .  Others have used a n a ly t i c a l  techniques  to  
t r y  and d iscove r  the  na ture  o f  pass ive  f i lm s .  Some o f  the  techniques 
used a re :
1 ) auger e l e c t r o n  spectroscopy
2 ) su r face  s tu d i e s  by e l ec t ro n  d i f f r a c t i o n
3) the  x - ray  d i f f r a c t i o n  method f o r  analyzing the  co rros ion  product
4) e le c t ro n  microscopy of  su r faces
5) x - ray  photo e le c t ro n  spectroscopy (ESCA)
6 ) i o n - s c a t t e r i n g  spectrometry
7) nuc lea r  microanalysis
8 ) e l l ip som et ry  techniques
9) low energy d i f f r a c t i o n  technique (LEED)
1 0 ) e l ec t ro n  probe microanalysis
Greater  d e t a i l  on the  experiments r e l a t i n g  to  p a s s i v i t y  i s  beyond the 
scope of t h i s  study.
C h a r a c t e r i s t i c s  of Pass iva t ion
Figure 1 i s  a behavior o f  an a c t iv e - p a s s iv e  metal under c o r ­
ro s ive  environments.  This f i g u r e  in d ic a te s  th ree  po ss ib le  cases  which 
may e x i s t  f o r  an a c t i v e - p a s s iv e  metal in  c o r ro s iv e  co n d i t io n s .  In 
Case 1, th e r e  i s  only one s t a b l e  i n t e r s e c t i o n  which i s  in a c t i v e  reg ion ,  
and high co r ros ion  r a t e  occurs .  This i s  a c h a r a c t e r i s t i c  o f  s t a i n l e s s  
s t e e l  in s u l f u r i c  a c id .  Typical behavior of  such a case i s  shown in 
Figure 2a. In Case 2, th e re  a re  th r e e  p o s s ib le  i n t e r s e c t i o n  p o in ts  l i k e  
A, B, and C a t  which the  t o t a l  r a t e  of  anodic  and ca thodic  r e a c t io n s  are  
equal.  The system cannot e x i s t  a t  po in t  C because i t  i s  not e l e c t r i c a l l y  
s t a b l e ,  but po in ts  A and B a re  s t a b l e .  This system may e x i s t  in a c t i v e
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FIG. 1. ANODIC POTENTIOSTATIC POLARIZATION FOR
EITHER ACTIVE OR PASSIVE M ETAL, DEPENDING 
ON OVERVOLTAGE OF CATHODIC AREAS.
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FIG. 2. TYPICAL ANODIC POLARIZATION OF THREE CASES SHOWN 
IN FIGURE 1,
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or  pass ive  s t a t e .  This i s  a c h a r a c t e r i s t i c  o f  s t e e l  in f e r t i l i z e r  
s o l u t i o n ,  and ty p i c a l  behavior o f  t h i s  system i s  shown in  Figure  2b.
In Case 3 ,  th e re  i s  only one s t a b l e  p o in t ,  and th e  metal 
spontaneously  p a s s iv a te s  and c o r ros ion  r a t e  i s  smal l .  This i s  a charac ­
t e r i s t i c  o f  s t e e l  in  co n c re te ,  and ty p ic a l  behavior o f  the  system is  
shown in Figure  2c.
Molybdenum/Molybdenum Oxide (Mo/MoO?) Reference Elec t rode
So l id  molybdenum/molybdenum oxide i s  a newly developed e l e c t r o d e
[76 ,77] .  I t  i s  small and compact, and can be used in any o r i e n t a t i o n .
M0 /M0 O3  e l e c t r o d e s  can be embedded permanently in concre te  a d ja c e n t  to  
th e  re in fo rce d  s t r u c t u r e s  feuch as br idge  decks and p i p e l i n e s ) ,  which makes 
re g u la r  measurement and contro l  of  the  p o t e n t i a l  o f  s t r u c t u r e s  p o s s ib le .  
This e l e c t r o d e  a l s o  reduces the  p o t e n t i a l  measurement e r r o r  s i g n i f i c a n t l y .
The M0 /M0O3  e l e c t ro d e  i s  s t a b l e  when manufactured to  produce 
MoOg on the  s u r f a c e .  The e l e c t r o d e ' s  behavior with  a v a r i a t i o n  o f  OH" 
concen t ra t ion  i s  given as fo llows:
Mo'^® + 6ë 2  Mo ( 6 )
M0O3 t  Mo® + 3Ô (7)
35 + 3H,0 t  BOH" (8 )
BOH" + BH"^  4. 6H,0 (9)
'2
Table 5 i n d ic a te s  the  p o te n t i a l  o f  th e  M0 /M0 O3 e l e c t r o d e  com­
pared t o  an ex te rn a l  Cu/CuSO^ e le c t ro d e  in var ious  sa l t -co n tam in a ted  con 
c r e t e s .
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Table 5
P o te n t i a l  of  th e  M0 /M0 O3 E lec trode  in  Concrete,  
Compared to  Cu/CuSOg
Chloride Average Standard
Content,  wt % P o t e n t i a l ,  mv Devia tion,  mv
0 309 15.6
0 . 1 262 17.7
0 . 2 267 10.7
0.5 294 1 0 . 6
Table 6 shows th e  p o te n t i a l  of  Mo/MoO^, compared to  a s a tu ra te d  
calomel e l ec t ro d e  in a s a tu r a t e d  CafOHjg s o lu t io n  with varying s a l t  
concen t ra t io n .
Table 6
P o te n t i a l  o f  the  M0 /M0 O3 E lec trode  in a Sa tura ted  
Ca(0H)2 So lu t io n ,  Compared to  a S a tu ra ted  Calomel
Chloride Content,  wt % P o t e n t i a l , mv
0 -420
0.25 -420
0.5 -420
1 -420
2 -420
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P o ten t ia l  Measurement in Electrochemical Cel ls
2.7 Cathode -  Solu t ion  Gradient 
The work of  Stammen and Townsend [78] has shown t h a t  d i f f e r en ces  
in p o te n t ia l  a re  found a t  var ious  po in ts  around a cathode when a c u r ren t
i s  introduced from th e  cathode to  a chemical s o lu t io n .
I t  was concluded t h a t  the  p o te n t i a l  would inc rease  f o r  a cons tan t  
level  o f  c u r re n t  as the  d i s t a n c e  from the  cathode was inc reased .  The 
change in the  level o f  c u r r e n t  gives e s s e n t i a l l y  the  same p a t t e r n ,  with 
p o te n t ia l  values p ropor t ional  to  the  c u r r e n t .
Hoar and Kasper [79,80] a l so  found a g rad ien t  in p o te n t i a l  in 
the  so lu t io n  ad jacen t  to  the  e l e c t ro d e  and a t a n g en t ia l  as well as normal 
components o f  c u r re n t  a t  the  e l e c t ro d e  su r face .
2.8 Cell Design and P o te n t i a l  D is t r ib u t io n
The p o te n t i a l  and c u r r e n t  d i s t r i b u t i o n  in the c e l l  a re  o f  primary
importance.  Elec trode  placement and c e l l  geometry have a g r e a t  impact on
the  p o ten t ia l  and c u r r e n t  d i s t r i b u t i o n ,  which consequently inf luence  
a n a ly t i c a l  and k in e t i c  measurements.
The most bas ic  elements to  be taken in to  account a re  the  dimen­
s ions  and r e l a t i v e  pos i t io n in g  o f  the  c e l l  component, which may c re a te  a 
local  v a r i a t i o n  of  e l e c t ro d e  p o te n t i a l  a t  the  working e l ec t ro d e  [81,82, 
83,84].  For in s ta n ce ,  the  p o s i t io n in g  o f  the  re fe rence  e l ec t ro d e  in the  
e lec trochemical c e l l  may c r e a t e  a p o te n t i a l  e r r o r  f o r  the  working e l e c ­
t ro d e ,  because o f  the  IR drop between the  working and the  re fe rence  
e l ec t ro d e .
To an e x t e n t ,  uniform c u r re n t  den s i ty  in d ic a te s  a uniform
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p o t e n t i a l  d i s t r i b u t i o n .  This may be requ i red  f o r  a l l  c o n t ro l l e d  poten­
t i a l  methods. However, because the  r e l a t i o n  between c u r re n t  and poten­
t i a l  d i s t r i b u t i o n  over the  e l ec t ro d e  su r face  i s  dependent upon the  cu r ­
r e n t  p o te n t i a l  c h a r a c t e r i s t i c s  o f  indiv idua l  po r t ions  of  the  s u r face ,  
cons ide rab le  change in c u r r e n t  d e n s i ty  may occur without any v a r i a t i o n  
in e l e c t ro d e  p o te n t i a l  and v ice  ve rsa .  For example, an e l e c t ro d e  which 
opera tes  with v i r t u a l l y  a uniform p o te n t i a l  d i s t r i b u t i o n  may in d ic a te  
q u i t e  non-uniform c u r r e n t  d i s t r i b u t i o n  e i t h e r  because of d i f f e r en c es  in 
mass t r a n s f e r  a t  var ious  p a r t s  o f  an e l e c t ro d e  or  because a l l  regions  of  
an e le c t ro d e  a re  opera t ing  a t  po in ts  on the  s t e e p ly  r i s i n g  por t ion  of  
c u r r e n t - p o t e n t i a l  c h a r a c t e r i s t i c s .  In a c o n t r o l l e d - p o te n t i a l  method, 
n e i t h e r  o f  these  two condi t ions  o f  non-uniform c u r r e n t  d i s t r i b u t i o n  can 
n e c e s s a r i l y  be determined.
CHAPTER I I I  
EXPERIMENTAL PROCEDURES 
Sample Prepara t ion
3.1 Mix Design
The mix design f o r  t h e  concre te  was obta ined from the  Oklahoma 
Department o f  T r an sp o r ta t io n .  The s p e c i f i c a t i o n s  f o r  one cubic  yard  of 
concre te  a re  given below:
658 lbs  cement 
1250 lbs  dry sand 
2 0 0 0  lb s  dry aggregate  
276 lbs  water 
w/c = 0.42
These amounts were lowered p ro p o r t i o n a l ly  to  the  sm a l l e s t  amount 
o f  concre te  necessary  to  make the  sample b locks .  For example, f o r  making 
10 - 1x2x3 inch b locks ,  th e  amounts used were as fo l lows:
0.854 lbs  cement 
1.620 lbs f i n e  sand (dry)
2.590 lbs  aggregate  (dry)
0.350 lbs  water
Because the  sand and aggregate  were s to re d  o u ts id e  the  mixing 
room, weather cond i t ions  r e s u l t e d  in a v a r i a t i o n  in water  con ten t .
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There fore ,  th e  amount o f  water s p e c i f i e d  in the  mix design was lowered 
by th e  water con ten t  o f  the  sand and aggrega te .
The concre te  was s t i r r e d  with  a trowel u n t i l  very well-mixed.
This concre te  mix was placed in th e  mold and rodded with a r e in fo r c in g
bar t o  remove any la rge  a i r  pockets .  These blocks were then placed in 
a water  c ab in e t  f o r  28 days to  be cured.
3 .2  Tes t  Specimen
3 .2 .1 .  Samples f o r  Electrochemical Studies  of  Steel  in S a l t -  
Contaminated Concrete . For t h i s  t e s t  program, s i x t y  concre te  blocks of 
1x2x3 inch were c a s t .  Each concre te  block had a s t e e l  p l a t e  o f  1.5x2 
inches placed in the  c e n te r  with  a 1 / 2  inch cover ,  and one s o l i d  moly­
bdenum/molybdenum oxide (Mo/MoOg) re fe re n ce  e l e c t ro d e  [76,77]  placed 
ad jac e n t  to  t h e  s t e e l  t o  reduce th e  IR drop in  p o t e n t i a l  measurement.
The s t e e l  p l a t e s  were a c id - p ick l ed  and c leaned with acetone and d i s t i l l e d  
water  p r i o r  t o  usage.  The chemical a n a ly s i s  o f  the  s t e e l  p l a t e  used in 
the se  experiments was performed by Midsta tes  A naly t ica l  Laboratory,  Inc.  
The r e s u l t s  o f  t h i s  a n a ly s i s  i s  given in Table 7.
Half these  concre te  blocks were made of  Type I and th e  o the r
h a l f  o f  Type V Port land  cement. The composit ion of the se  two types  i s  
given in Table 8 .
S a l t  (NaCl) was mixed with  some of  each o f  th e se  types .  The 
s a l t  concen t ra t ion  was in the  range of  0 . 1  t o  2% by weight o f  concre te .  
The s a l t  was f i r s t  added to  the  concre te  mixing water in o rder  to  d i s ­
t r i b u t e  th e  s a l t  un iformal ly  th roughout the  concre te .
A f te r  the  28 days o f  c u r ing ,  a number of samples from both Type 
I and V with  a s a l t  con ten t  from 0 to  2% were placed in  water and in  dry
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Table 7
Chemical Analysis  o f  the  S tee l  Used 
in This Study
Element Concentration %
Carbon 0.06
Su l fu r 0.017
Phosphorous 0.009
S i l i co n 0.03
Maganese 0.28
Chromium 0 . 0 2
Molybdenum 0 . 0 1
Copper 0 . 0 2
Aluminum 0 . 0 1
Table 8
Cement Composition o f  Type I and V Por tland 
Cement Used in This Study
S e n f  Compounds
C3 S CgS C3A C4AF
V 60.83 19.10 4.51 8.60
I 51 25 9 8
Total A lka l ies  
(NagO)
0.37
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c o n d i t io n s ,  in the  l a b o ra to ry .  Some of  the  s labs  with no s a l t  con ten t ,  
from both Type I and V, were placed in a s a l t  s o lu t io n  (NaCl) with con­
c e n t r a t i o n s  ranging from 0.1 up to  1% s a l t .  The time of  exposure of  
these  samples to  the  above environments w i l l  be d iscussed  in the 
Exposure Section .
In a d d i t io n ,  th r e e  more 1 x 2 x 3 inch concre te  blocks o f  Type I 
Por tland cement with 0 .5 ,  1, and 1% s a l t  con ten t  by weight of  concrete  
were c a s t .  Each o f  the  th r e e  had a 1/2 x 2 inch platinum p la te  ( th i ck n e ss ,  
0.002 inch) placed in  th e  c en te r  with a 1/2 inch cover .  One Mo/MoOg 
s o l id  e l ec t ro d e  was placed ad jacen t  to  the  platinum p l a t e  in each block.
3 .2 .2  Samples f o r  th e  E f fec t  of Wire Mesh on Current and 
P o t e n t i a l . For t h i s  s tudy,  a s e r i e s  o f  t e s t  specimens were made.
I n i t i a l l y ,  f i v e  3 x 3 x 3  inch concre te  s lab s  of  Type I Port land  
cement were c a s t .  Each block had one 1.5 x 2 inch s t e e l  p l a t e  and one 
s o l id  Mo/MoOg re fe rence  e l ec t ro d e  ad jacen t  to  th e  p l a t e .  Four o f  these  
concre te  s labs  had a r e in fo r c in g  wire mesh and one had none. Two of  the 
s lab s  had a screen wire  mesh. On one,  t h i s  was ly ing  on the  p la te  and 
on the o th e r  was 2 inches away from the  p l a t e ,  with  no connection.  The 
screen wire  mesh was degalvanized in ac id  p r io r  to  usage. The o ther  two 
s labs  had an expanded wire mesh with the  same lo c a t io n s  as the  screen 
wire  mesh. In a d d i t i o n ,  ano ther  Mo/MoOg e lec t ro d e  was mounted ad jacen t  
to  each wire  mesh. The arrangement o f  the  p l a t e  and wire mesh in these  
concre te  s labs  i s  shown in Figures 3A and 4.
One 3 X 6 X 3 inch concre te  block having one s t e e l  p l a t e  and 
four  screen wire  meshes were c a s t  in o rder  to  s tudy the  e f f e c t  of  p o ten t ia l  
g ra d ie n t  in the  c oncre te .  The screen wire  meshes were mounted in the
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Mo/MoOq ELECTRODE 
PLACED^ 'NEXT TO STEEL 
MESH
M0/M0O3 ELECTRODE" 
PLACED NEXT TO PLATE
CONCRETE SLAB
A)
I ! I I I : r 1 ' f  ! fT X
m
i l l !
---------- l i
STEEL PLATE
STEEL MESH
l!
\
STEEL PLATE
POTENTIOSTAT
STEEL MESH
^ 4 ^ SPONGE
GRAPHITE
CONCRETE SLAB
FIG. 3 . SCHE^ATIC DIAGRAM OF CONCRETE SLABS FOR MESH SHIELDING STUDIES
A) ELECTRODES, MESH AND PLATE LOCATIONS
B) EXPERIMENTAL APPARATUS FOR ELECTROCHEMICAL STUDIES
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CONCRETE SLAB
■STEEL WIRE MESH
-STEEL PLATE
■M0 /M 0 O3  ELECTRODE
SPONGE
GRAPHITE
FIG. 4. CELL ASSEMBLY FOR CONCRETE SLAB 
WITH WIRE MESH LAYING AGAINST 
ST E E L  PLATE.
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concre te  a t  d is ta n c e s  o f  3, 6 , 9, and 12 c en tim e te rs  from the  p la te .  In 
t h i s  concre te  sample, one Mo/MoOg re fe re n ce  e le c t ro d e  was placed ad jacen t 
to  th e  s te e l  p la te  and each mesh. The arrangement o f  the  screen  wire 
meshes, th e  s te e l  p l a t e ,  and th e  re fe ren ce  e le c t ro d e s  in  t h i s  concre te  
sample i s  shown in  Figure 5.
F in a l ly ,  ano ther 3 x 6 x 2  inch co n cre te  s la b  with f iv e  1/2 x 1 
inch platinum  p la te s  ( th ic k n e ss ,  0.002 inch) was c a s t .  The platinum 
p la te s  were 2 inches a p a r t .  In t h i s  concre te  sample, each p la te  had one 
Mo/MoOg e le c t ro d e  a d jacen t  to  i t ,  as shown in  Figure 6 .
3 .3 Exposure Time 
A fte r  28 days o f  cu r in g , some o f  the  1 x 2 x 3  inch concrete  
blocks were placed in  d i s t i l l e d  w a ter ,  some in  s a l t  s o lu t io n s ,  and some 
in a dry c o n d it io n  in th e  la b o ra to ry .  These co n cre te  blocks were kept 
under th e se  co n d it io n s  f o r  s ix  to  seven months and p e r io d ic a l ly ,  the  
p o la r iz a t io n  t e s t  was conducted on them.
A fte r  28 days o f  cu r in g ,  th e  co ncre te  blocks used f o r  the  wire 
mesh study were placed in a dry co nd ition  in the  la b o ra to ry .
Electrochem ical Measurements 
In t h i s  s tudy , the  P o te n t io s ta t /G a lv o n o s ta t  Model 173, combined 
w ith a logarithm ic  c u r re n t  co n v er te r  Model 376 and Universal Programer 
Model 175 purchased from Prince ton  Applied Research were used f o r  o b ta in ­
ing the  p o la r iz a t io n  d a ta .  The da ta  were recorded by a Varian Recorder 
Model FIOO. P o te n t io s ta t  Model PEC-IB from Floyd Bell A sso c ia te s ,  Inc . 
and a volt-ohm microammeter Model 269 from Simpson E le c t r ic  Company were 
a lso  used. The p o te n t ia l  measurements were made by a d i g i t a l  vo ltm eter
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Mo/MoOg (3) ; 
M0 /M0O3 (2)
WIRE MESH (1)
STEEL PLATE 
(CATHODE) 
M0/M0O3 ( l )
M0/M0O3 (4)
WIRE MESH (2)
WIRE MESH (3)
WIRE MESH (4)
FIG. 5 . CONCRETE SAMPLE WITH ONE STEEL PLATE AND FOUR STEEL WIRE 
MESHES AT THE DISTANCES 4 CM APART EMBEDDED IN CONCRETE 
BETVCEN ANODE AND CATHODE.
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M0/M0O3
ELECTRODI
PUXTINUM PU\TE 
(CATHODE)
PLATINUM (l‘)
M0/M0O3 ELECTRODE 
PLATINUM (2)
M0/M0O3 ELECTRODE
PUXTINUM (3)
M0/M0O3 ELECTRODE 
PLATINUM (4)
M0/M0O3 ELECTRODE 
WETTED SPONGE
GRAPHITE
FIG, 6 . CONCRETE SAMPLE WITH FIVE PLATINUM PLATES AND FIVE
M0/M0O3 ELECTRODES ADJACENT TO PLATES. PLATINUM PLATES 
ARE AT THE DISTANCE OF 2 INCHES APART FROM ONE ANOTHER.
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Model 3460A and 3440A from H ewlett, Packard.
3 .4  Electrochem ical Study o f  S tee l in  S a l t -  
Contaminated Concrete
The anodic and ca thodic  p o t e n t io s t a t i c  p o la r iz a t io n  curves were 
obta ined  p e r io d ic a l ly  fo r  a l l  1 x 2 x 3 inch concre te  s la b s .  In th ese  
p o la r i z a t io n s ,  th e  p o te n t ia l  o f  the  s t e e l  p la te s  was compared by an 
embeddable s o l id  Mo/MoOg re fe ren ce  e le c t ro d e  ad jacen t  to  the  p la te  and 
the  p o te n t ia l  s h i f t e d  by 50 mv every th re e  m inutes. A g ra p h ite  anode was 
used in  t h i s  s tudy . A sponge wetted w ith s a tu ra te d  KCl was used to  conduct 
the  c u r r e n t  through th e  c o n c re te .  A diagram o f t h i s  assembly i s  shown in 
Figure 3B.
A potentiodynamic anodic p o la r iz a t io n  t e s t  was a lso  c a r r ie d  out 
on th e se  samples. In t h i s  t e s t ,  th e  p o te n t ia l  o f  the  s te e l  p la te  was
kept a t  -1300 mv, in comparison to  th e  Mo/MoOg e le c t ro d e ,  fo r  ten  m inutes.
Then the  p o te n t ia l  was scanned towards the  more p o s i t iv e ,  up to  +2000 mv.
A slow sweep r a t e  was used (0 .28 m v/sec).
3 .5  E f fe c t  o f  Wire Mesh and P o te n t ia l  Measurement 
E rro r on Current and P o te n t ia l
The experiments f o r  t h i s  s tudy were d iv ided  in to  two p a r t s :  
so lu t io n  and those  concerning concre te  environments.
3 .5 .1  S o lu t io n . A s e r i e s  o f  t e s t s  was conducted in a s a tu ra te d  
calcium hydroxide [CafOHjg] s o lu t io n ,  used to  s im ula te  th e  concre te  
environment. In th ese  t e s t s ,  a s a tu ra te d  calomel e le c t ro d e  was used as 
a re fe ren ce  e le c t ro d e  and a platinum e le c t ro d e  as an anode.
D if fe re n t  c e l l  arrangements w ith  various  w ire mesh s iz e s  were
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used in  o rder to  in v e s t ig a te  f u l l y  th e  e f f e c t  o f  w ire  mesh on c u r re n t  
and p o te n t ia l  measurements.
3 .5 .Z .Z  P o la r iza tio n  o f  the S te e l  P la te
Z . 5 . 1 . 1 . 1  Wire Mesh was Between th e  Anode and the Cathode w ith  
no Connection. I n i t i a l l y ,  an experim ental s e t  up as shown in  Figure 7 
was used. The w ire  mesh was p laced  between the  anode (pla tinum  p la te )  
and cathode ( s t e e l  p l a t e ) .  Anodic and ca thod ic  p o la r iz a t io n  o f  th e  s te e l  
p la te  was o b ta ined . The w ire  mesh p o te n t ia l  was determined sim ultaneously  
w ith  a s e p a ra te  Luggin probe.
3 . 5 . 1 . 1 . 2 The Nive Mesh was Lying on the S te e l  P la te .  Another
t e s t  was conducted while  the  w ire mesh was ly ing  on th e  s t e e l  p l a t e .  A
c e l l  assembly f o r  t h i s  experiment i s  shown in  Figure 8 . The anodic and
ca thod ic  p o la r iz a t io n  curves were ob ta ined  fo r  th e  s t e e l  p l a t e .
3 . 5 . 1 . 1 . 3  The Wire Mesh was Connected to  th e  Toy and Bottom o f  
the S te e l  P la te  and R aised  in  an Aro about I Inch. In a t h i r d  experim ent, 
th e  w ire mesh was connected a t  th e  top and bottom o f  the  s t e e l  p la te  and 
r a is e d  in  an a rc  about one inch in  th e  c e n te r .  A c e l l  se t-u p  f o r  t h i s  
t e s t  i s  shown in  F igure 9. The anodic and ca thod ic  p o la r iz a t io n  curves 
f o r  th e  s te e l  p la te  were o b ta ined . Note: th e  w ire mesh was degalvanized
in  n i t r i c  ac id  p r io r  to  use in  a l l  th e  above experim ents.
3 . 5 . 1 . 2  P o te n tia l S h if t  o f  the Platinvm  S leo tvode as a Function o f  
Distance^ Because o f  th e  Passage o f  Curicent. (Platinum P la te s  weve 
BeiMeen th e  Anode and th e  Cathode w ith  no Connection).
The experim ental se t-u p  shown in  F igure  10 was used, to  d e te r ­
mine th e  p o te n t ia l  g r a d ie n t  between anode and cathode . In t h i s  experim ent, 
f iv e  platinum e le c t ro d e s  were p laced  in  Z% s a l t  so lu t io n  one inch a p a r t .
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VOLTMETER
SATURATED 
Co (DHL SOLUTION
SALT BRIDGE
POTENTIOSTAT
CALOMEL
REFERENCE
ELECTRODE1 / / ,
SATURATED 
Co (0 H)2  
SOLUTIONCALOMEL
REFERENCE
ELECTRODE
PLATINUM ANODE
STEEL CATHODE STEEL MESH
FIG. 7. EXPERIMENTAL SCHEMATIC FOR STEEL MESH STUDY.
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STEEL PLATE (CATHODE) STEEL WIRE MESH
SALT BRIDGE PLATINUM ELECTRODE 
(ANODE)
CALOMEL
ELECTRODE
SATURATED Co (OH) 
SOLUTION
FIG. 8 . CELL ASSEMBLY FOR ANODIC AND CATHODIC POLARIZATION OF STEEL 
PLATE WHEN WIRE MESH IS LYING ON STEEL PLATE IN SATURATED
c a (o h )2  s o lu t io n .
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SALT BRIDGE STEEL PLATE
STEEL WIRE MESH
CALOMEL - 
ELECTRODE
PLATINUM ELECTRODE 
(ANODE)
/ -
SATURATED Co(OH)2  
SOLUTION
FIG. 9. CELL ASSEMBLY FOR ANODIC AND CATHODIC POLARIZATION OF 
STEEL PLATE WHEN STEEL WIRE MESH IS ATTACHED TO TOP AND 
BOTTOM OF STEEL PLATE IN SATURATED CA(0H)2 SOLUTION.
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PLATINUM ELECTRODES
CATHODE ANODE
SALT BRIDGE
CALOMEL''
ELECTRODE
3%  SALT SOLUTION
FIG. 10. CELL ASSEMBLY FOR ANODIC AND CATHODIC POLARIZATION OF
PLATINUM ELECTRODE AND ITS EFFECT ON THREE OTHER PLATINUM 
ELECTRODES PLACED BETWEEN ANODE AND CATHODE IN 3% SALT 
SOLUTION,
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One o f  th e se  platinum  e lec tro d e s  was used as an anode and ano ther as a 
cathode. The p o te n t ia l  o f  the  th re e  platinum  e le c t ro d e s  between the 
anode and th e  cathode was measured s im ultaneously  by th re e  sep a ra te  
Luggin probes.
3 .5 .2  Concrete Environments.
3 . 5 . 2 . Î  ’P o la r iza tio n  o f  the S te e l  P la te  a t  th e Presence o f  the 'Hire 
Mesh.
Anodic and ca thod ic  p o la r iz a t io n  curves were ob ta ined  fo r  the  
s t e e l  p l a t e  in th e  concre te  samples w ith th e  screen  and expanded wire
mesh connected and d isconnected  to  the  s te e l  p l a t e .  The p o te n t ia l  of
th e  s t e e l  p l a t e  and w ire  mesh was measured by the  two sep a ra te  so l id  
Mo/MoOg e le c t ro d e s  placed ad jacen t  to  th e  p la te  and w ire  mesh. A
ty p ic a l  c o n c re te  sample w ith  wire mesh d isconnected  from the  p la te  i s
shown in  Figure  SB.
The anodic and ca thod ic  p o la r iz a t io n  curves o f  the  sample 
having the  platinum  p la te  and w ire mesh were o b ta in ed . The p o te n t ia l  of 
th e  w ire  mesh was measured with re sp e c t  to  the  Mo/MoOg e le c tro d e  placed 
a d jac e n t  to  i t .  This t e s t  was performed to  check th e  p o te n t ia l  v a r ia t io n  
of  the  w ire  mesh in the  presence o f  platinum p la te  in s te ad  o f  the  s te e l  
p l a t e .
S . 5 . 2 . 2  P o te n tia l  S h if t  o f  the Hire Mesh as a Function o f  D istance from  
the Cathode Because o f  the Passage o f  Current. (Hire Meshes were Between 
the Anode and th e  Cathode w ith  no Connection).
Two d i f f e r e n t  t e s t  s e r i e s  were conducted in  o rd e r  to  determine 
th e  p o te n t ia l  g ra d ie n t  in co n c re te .  (1) The p o la r iz a t io n  t e s t  was 
c a r r ie d  ou t on the  sample with fo u r  wire meshes placed a t  the  d is tan ces
53
of 3, 6 , 9 , and 12 cen tim ete rs  from the  s te e l  p l a t e .  The p o te n t ia l  o f  
each mesh was measured s im ultaneously  by the  s o l id  Mo/MoOg e lec tro d e s  
mounted a d jacen t  to  them. The schematic diagram of t h i s  sample is  
shown in  Figure 5. (2) The p o la r iz a t io n  t e s t  was conducted on the
sample with f iv e  platinum  p la te s  placed a t  d is ta n ce s  o f  2 inches from 
one an o ther .  One o f th e se  platinum  p la te s  was chosen as cathode and 
the  p o te n t ia l  o f  the  o th e r  fo u r  platinum p la te s  between th e  anode and 
cathode was measured w ith  the  Mo/MoOg e lec tro d e s  placed c lo se  to  them 
(see Figure 6 ) .  For a l l  o f  th e se  t e s t s ,  a sponge wetted with s a tu ra te d  
KCl s o lu t io n  was used between the  anode (g rap h i te )  and the  co n c re te .
CHAPTER IV 
RESULTS
The Electrochem ical Behavior o f  S tee l in  a Salt-Contaminated Concrete
The r e s u l t s  presented  here c o n s is t  o f  anodic and cathodic  p o la r ­
iz a t io n  curves f o r  s te e l  in  co n cre te .
These r e s u l t s  re p re se n t  a q u a l i t a t i v e  assessment of th e se  curves 
r a th e r  than a q u a n t i t a t iv e  de term ina tion  of  corrosion  c u r re n t  d e n s i t i e s .
The shape and p o s i t io n  o f  th e  curves provide a reasonably  good in d ic a t io n  
of  the  co rro s iv e n ess  o f  th e  environment with regard to  s t e e l .  The r e l a t i o n ­
sh ip  between t h i s  c o r r o s iv i ty  o f  an environment and p o la r iz a t io n  curves 
w il l  be explained below.
Note: In t h i s  s tudy , the  word " s a l t "  r e fe r s  to  sodium c h lo r id e .
4.1 Samples in Dry Condition 
Figure 11 p re sen ts  the  anodic and cathodic  p o te n t io s t a t i c  
p o la r iz a t io n  curves f o r  Type I Portland  cement concre te .  (The samples 
were in  a dry con d it io n  in the  lab o ra to ry  fo r  200 days.)  The r e s u l t s  
in d ic a te  th a t  the  c u r re n t  d en s i ty  requirem ents fo r  the  sample with no 
s a l t  a re  much h igher than fo r  th e  samples con ta in ing  up to  2% s a l t .  This 
r e s u l t  was repea ted  in  the  potentiodynamic anodic p o la r iz a t io n  (see  
Figure 12). The ca thod ic  p o la r iz a t io n  in  Figure  11 a lso  in d ic a te s  th a t  
c u rre n t  d e n s i ty  in c re ase s  as the  s a l t  co n ten t o f  the concre te  inc reases
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SAMPLE SIZE: I"x2"x3" 
PLATE SURFACE AREA = 6  in!
SAMPLE SALT CONTENT
0 %1000
0.1 %
0.5%
1.0 %
2 .0%
500
ÜJ
-1000
100010 1000.1 1.0
CURRENT DENSITY, ^A/Cm*
FIG. 1 1 . ANODIC AND CATHODIC POLARIZATION OF STEEL IN TYPE I PORTLAND 
CEMENT CONCRETE WITH VARIOUS SALT CONTENTS. THE CONCRETE 
SAMPLES WERE IN DRY CONDITION OF LABORATORY FOR 200 DAYS.
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FIG. 12.
SAMPLES IN DRY LAB. CONDITION FOR 3 0 0  DAYS 
( S IZ E - 1x2x3 INCH )
1 - NO SALT CONTENT
2  - .1% SALT CONTENT
3 - .5% SALT CONTENT
4 -  1% SALT CONTENT
5 -  2 % SALT CONTENT
CJlo>
.01 0.1 
C U R R E N T , mA
POTENTIODYNAMIC ANODIC POLARIZATION OF S T E E L  PLATE IN TYPE I
PORTLAND CEMENT CONCRETE CONTAINS VARIOUS PERCENTAGES OF SALT (NACL)
(SWEEP RATE 0.28 mV/S )
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from 0 .1  to  2 %.
The potentiodynamic anodic p o la r iz a t io n  curves in Figure 12 
show th a t  th e  anodic c u r re n t  requirem ents  decrease  as the  s a l t  co n ten t 
o f  th e  c o n cre te  in c re a s e s .  The ca th o d ic  p a r ts  o f  th e se  p o la r iz a t io n  
curves show th a t  a t  -1300 mv w ith  r e s p e c t  to  the  Mo/MoOg e le c t ro d e  the  
c u r re n t  requirem ents  fo r  th e  samples a re  d i f f e r e n t .
F igure  13 gives th e  anodic and ca thod ic  p o te n t io s t a t i c  p o l a r i ­
z a t io n  curves f o r  th e  Type V P or tland  cement concre te  samples with 
various  s a l t  con ten ts  which had been exposed to  dry co n d it io n s  f o r  200  
days. The da ta  in d ic a te s  t h a t  th e  ca th o d ic  c u r re n t  d e n s i ty  requirem ents 
f o r  th e  co ncre te  sample w ith no s a l t  i s  h igher than f o r  the  samples with 
s a l t  c o n te n t ,  bu t th e  anodic c u r r e n t  d e n s i ty  fo r  th e  sample with no s a l t  
i s  about th e  same as fo r  the  sample with 0.5% s a l t ,  but h igher than fo r  
the  r e s t  o f  samples with va r io u s  s a l t  c o n te n ts .  The potentiodynamic 
anodic p o la r iz a t io n  in d ic a te s  t h a t  the  c u r re n t  d e n s i ty  requirem ents fo r  
th e  sample w ith  no s a l t  i s  almost th e  same as f o r  th e  samples with various 
s a l t  con ten ts  (see  Figure 14).
The ca thod ic  p o la r iz a t io n  curves in  Figure  13 in d ic a te  t h a t  the  
c u r re n t  d e n s i ty  requirem ents decrease  as the  s a l t  co n ten t in c re a s e s .  The 
anodic p o la r iz a t io n  curves a l s o  show approxim ately th e  same tre n d .
A comparison of F igures 11 and 13 in d ic a te s  th a t  the  anodic and 
ca thod ic  p o la r iz a t io n  of  s t e e l  in  Type I and V Portland  cement a re  not 
a l i k e .  The shape and the p o s i t io n  o f  the  anodic and ca thod ic  curves a re  
d i f f e r e n t  f o r  th e se  two types o f  cement. Figure 11 shows th a t  thé  cu r­
r e n t  d e n s i ty  requirem ents fo r  s t e e l  in Type I Portland  cement in c rease  
as th e  s a l t  c o n ten t  inc reases  excep t f o r  th e  sample with no s a l t .  The
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ANODIC AND CATHODIC POLARIZATION OF STEEL PLATE IN TYPE V 
PORTLAND CEMENT CONCRETE. THE CONCRETE SAMPLES WERE IN 
DRY CONDITION OF LABORATORY FOR 200 DAYS.
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o p p o s ite  trend  was seen fo r  Type V Portland  cement con ta in ing  various  
percentages o f s a l t .  The anodic c u r re n t  d en s i ty  requirements f o r  Type 
I Portland  cement were about the  same, bu t some d if fe re n c e s  were found 
fo r  Type V Portland  cement.
In g e n e ra l ,  th e  c u r re n t  d en s i ty  requirem ents f o r  th e  anodic and 
ca thod ic  p o la r iz a t io n  o f  s te e l  in Type I P ortland  cement a re  h igher than 
in Type V Portland cement with and w ithout s a l t  co n ten t .
Figure 15 i s  a p lo t  o f  the  s te e l  p la te  p o te n t ia l  compared to  
Cu/CuSO^ in  Type I and V Portland  cement samples versus the  s a l t  concen­
t r a t i o n  obtained a f t e r  the  samples were exposed to  the  dry cond itions  of 
the  lab o ra to ry  fo r  200 days. The p o te n t ia l s  o f  s te e l  in  Type I Portland  
cement were approximately co n s tan t fo r  s a l t  con cen tra tio n s  up to  1% 
(p o te n t i a l s  in the  range o f  -530 mv), but th e  p o te n t ia l  s h i f te d  toward a 
more p o s i t iv e  value (-470 mv) fo r  a 1% s a l t  c o n ce n tra t io n .  In Type V 
Portland  cement, the  s te e l  p o te n t ia l  fo r  the  samples w ith zero and 0.1% 
s a l t  co n ten t  were the  same (-500 mv), and th e  p o te n t ia l  s h i f t e d  toward 
a more negative  value (-590 mv) f o r  0.5% s a l t  co n ten t .  The p o te n t ia l  
then s h i f te d  toward a more p o s i t iv e  value fo r  1 and 2% s a l t  co n ten t .
4.2  Samples in  D i s t i l l e d  Water
Figure 16 p resen ts  th e  anodic and cathodic  p o te n t io s t a t i c  
p o la r iz a t io n  curves fo r  s te e l  in Type I Portland  cement concre te  con­
ta in in g  various s a l t  co n ten ts .  (The samples had been in  d i s t i l l e d  water 
fo r  90 d ay s .)  The r e s u l t s  in d ic a te  t h a t  the  c u rre n t  d en s ity  requirem ents 
in c rease  as the  s a l t  con ten t in c re a s e s .  P a s s iv i ty  was observed fo r  the  
s te e l  in  the  zero and 0.1% s a l t  con ten t samples. The anodic p o la r iz a t io n
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FIG. 15. CORROSION POTENTIAL OF STEEL AS A FUNCTION OF SALT CONTENT IN TYPE I AND V 
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curves p resen ted  in  Figure 16 in d ic a te  t h a t  the  c u r re n t  d e n s i ty  r e q u i r e ­
ments f o r  the  0 .5  to  1% s a l t  co n ten t samples were much higher than fo r  the  
sample with zero  and 0 . 1% s a l t .
Figure 17 shows th e  anodic and ca thod ic  p o la r iz a t io n  o f  s te e l  
in th e  Type V Portland  cement samples co n ta in ing  various percentages  o f  
s a l t  (NaCl). (The samples had been in d i s t i l l e d  w ater fo r  90 d ay s .)
The da ta  in d ic a te s  th e  same tren d  as found fo r  Type I Portland  cement.
That i s ,  th e  c u r re n t  d e n s i ty  in c reases  as th e  s a l t  con ten t in c re a se s .
The anodic p o la r iz a t io n  in d ic a te s  th e  e x is te n c e  o f  p a s s iv i ty  f o r  th e  
samples with z e ro ,  0 .1 ,  and 0.5% s a l t  c o n te n t .  The anodic c u r re n t  
d e n s i ty  f o r  th e  samples w ith ze ro ,  0 .1 ,  and 0.5% s a l t  con ten t was approx i­
mately the  same, but t h i s  d e n s i ty  was much h igher fo r  the  samples with 1 
and 2% s a l t  c o n ten t .
A break a t  th e  p o te n t i a l s  about -500 to  -600 mv compared to  the  
Mo/MoOg e le c t ro d e  fo r  the ca thod ic  p o la r iz a t io n  curves and about 500 to  
600 mv fo r  the  anodic p o la r iz a t io n  curves fo r  th e  samples o f  Type I and 
V Portland  cement con ta in ing  various s a l t  con ten ts  was observed.
A comparison o f  F igures 16 and 17 in d ic a te s  t h a t  the  anodic and 
ca thod ic  c u r re n t  requirem ents fo r  s t e e l  in  th e  samples with ze ro ,  0 . 1 , 
and 0.5% s a l t  co n ten t  a re  h igher f o r  Type I than fo r  Type V Portland  
cement, but th e  opposite  t re n d  was found f o r  th e  samples o f  1 and 2% s a l t  
c o n ten t .
F igure 18 p re sen ts  th e  anodic and ca thod ic  p o te n t io s t a t i c  p o l a r i ­
z a t io n  o f  s te e l  in Type I Portland  cement con ta in ing  various  s a l t  con­
t e n t s .  (The samples had been in  d i s t i l l e d  w ater f o r  170 days.)  The 
r e s u l t s  in  t h i s  f ig u re  in d ic a te  t h a t  the  c u r re n t  d en s ity  f o r  th e  sample
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with 0.1% s a l t  i s  lower than f o r  th e  sample with no s a l t .  The anodic 
c u r r e n t  d en s ity  o f  th e  s t e e l  in c re ase s  as th e  s a l t  co n ten t in c re a se s .
The ca th o d ic  c u r re n t  d e n s i ty  o f  the  s t e e l  in th e  samples with ze ro ,
0 .5 ,  and 1% s a l t  co n ten t i s  approxim ately th e  same, but t h i s  d e n s i ty  is  
h igher than the 0.1% and lower than th e  2% s a l t  con ten t samples. The 
anodic curves a lso  in d ic a te  the  e x is te n c e  o f  a pass ive  reg ion  fo r  the  
samples w ith  zero and 0.1% s a l t  c o n ten t .  The potentiodynamic anodic 
p o la r iz a t io n  a lso  in d ic a te s  th e  same r e s u l t s .  The pass ive  region was 
sm a lle r  f o r  the  sample with 0 . 1% s a l t  c o n ten t  than fo r  th e  sample with 
no s a l t .  (See Figure 19.)
Figure 20 p resen ts  the  anodic and ca th o d ic  p o te n t io s t a t i c  
p o la r iz a t io n  curves f o r  s te e l  in  th e  Type V P ortland  cement samples 
having various  amount o f  s a l t .  (The samples had been in d i s t i l l e d  
w ater f o r  170 days .)  The da ta  shows t h a t  th e  c u r re n t  d e n s i ty  r e q u i r e ­
ments in c rease  as th e  s a l t  co n ten t in c re a s e s .  The anodic p o la r iz a t io n  
in d ic a te s  th e  presence o f  a pass ive  f i lm  on th e  s te e l  su rface  f o r  the  
samples w ith  zero , 0 .1 ,  and 0.5% s a l t  c o n ten t .  The same r e s u l t  was 
found in  th e  potentiodynamic anodic p o la r iz a t io n  cu rves . (See Figure 21.)
A comparison o f  Figures 18 and 20 in d ic a te s  t h a t  the  anodic 
and ca thod ic  c u r re n t  d en s ity  requirem ents f o r  th e  samples o f  Type I 
P o r tland  cement w ith ze ro ,  0 .1 ,  and 0.5% s a l t  con ten ts  a re  h igher than 
f o r  th e  samples of Type V Portland  cement w ith  th e  same amounts o f  s a l t .  
However, th e se  c u r re n t  d en s ity  requirem ents a re  about the  same fo r  the  
samples with 1 and 2% s a l t  c o n ten t .  The anodic and ca thod ic  cu r re n t  
d e n s i ty  f o r  the  sample o f  Type I Portland  cement with 0.1% s a l t  con ten t 
was lower than fo r  th e  sample with no s a l t ,  but h igher f o r  th e  samples
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FIG. 19. POTENTIODYNAMIC ANODIC POLARIZATION OF STEEL PLATE IN TYPE I PORTLAND CEMENT CONCRETE 
CONTAINING VARIOUS PERCENTAGES OF SALT (NACL). SAMPLES VÆRE IN DISTILLED WATER FOR 
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of Type V Portland  cement w ith  zero and 0.1% s a l t  co n ten t .  The anodic 
p o la r iz a t io n  curves a ls o  in d ic a te  t h a t  th e  s te e l  w il l  remain in  a pass ive  
s t a t e  f o r  th e  samples o f  Type I Portland  cement with a s a l t  co n ten t up 
to  0.1% but up to  0.5% fo r  th e  samples o f  Type V Portland  cement. These 
r e s u l t s  were repea ted  in  th e  potentiodynamic anodic p o la r iz a t io n  cu rves. 
(See Figures 19 and 21).
Figure 22 re p re se n ts  the  potentiodynamic anodic and cathodic  
p o la r iz a t io n  curves f o r  a platinum p la te  in  0 .5 ,  1, and 2% sa l t -co n tam in ­
a ted  concre te  o f  Type I Portland  cement. (The samples had been in  d i s ­
t i l l e d  w ater fo r  45 d ay s .)  A break occurred a t  th e  p o te n t ia l s  about 500 
to  750 mv versus th e  Mo/MoOg e le c tro d e  f o r  the  anodic and about -500 to
-800 mv fo r  th e  ca thod ic  p o la r iz a t io n  cu rves. This was the  same 
p o te n t ia l  range in d ic a ted  by the  samples w ith the  s te e l  p l a t e .
Figure 23 i s  a p lo t  o f  s te e l  p o te n t ia l  versus s a l t  co n ten t  f o r  
the  samples o f  Type I and V Portland  cement exposed to  d i s t i l l e d  w ater 
f o r  90 to  170 days. The p o te n t ia l s  o f  th e  s te e l  p la te  in  Type I Portland  
cement samples s h i f t e d  toward a more p o s i t iv e  value fo r  0 . 1% s a l t  con ten t ,  
then toward more nega tive  values fo r  h igher s a l t  c o n c e n tra t io n s .  The 
exposure time to  d i s t i l l e d  w ater (from 90 to  170 days) fo r  th e  samples of 
Type I P ortland  cement caused a l i t t l e  s h i f t  in  s t e e l  p o te n t ia l  f o r  the  
samples con ta in ing  s a l t  con ten t up to  1%, but t h i s  s h i f t  was h igher fo r  
samples w ith 2% s a l t  c o n ten t .
The p o te n t ia l s  of s te e l  in Type V Portland  cement s h i f te d  
toward more nega tive  values as the  s a l t  co n cen tra t io n  increased  except 
f o r  the  sample with 1% s a l t  which has been exposed to  d i s t i l l e d  w ater 
f o r  170 days. The exposure time to  d i s t i l l e d  w ater had a l i t t l e  e f f e c t
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on th e  p o te n t ia l  f o r  th e  samples o f  Type V Portland  cement up to  1% s a l t  
c o n te n t ,  bu t i t  had a s i g n i f i c a n t  e f f e c t  f o r  the  sample with 2% s a l t  
co n ten t .
4 .3  Samples in  S a l t  So lu tions
No s a l t  was mixed with the  samples described  in t h i s  s e c t io n .  
Figure 24 p re sen ts  th e  anodic and cathodic  p o te n t io s t a t i c  p o la r iz a t io n  
o f  s te e l  in  Type I Portland  cement. (The samples had been exposed to  
th e  various s a l t  s o lu t io n s  f o r  90 days .)  The r e s u l t  in d ic a te s  t h a t  the  
anodic and ca thod ic  c u r re n t  d e n s i ty  requirem ents in c rease  as the  s a l t  
co n ce n tra t io n  o f  th e  so lu t io n  in c re a se s .  A break in  the  ca thod ic  p o l a r i ­
z a t io n  curves was a lso  observed. There was no break in  the  anodic and 
ca thod ic  p o la r iz a t io n  curves f o r  th e  sample exposed to  d i s t i l l e d  w ater .
Figure 25 re p re se n ts  the  anodic and ca thod ic  p o te n t io s t a t i c  
p o la r iz a t io n  curves f o r  th e  samples o f  Type V P ortland  cement. (The 
samples had been exposed to  th e  various s a l t  concen tra ted  so lu t io n s  f o r  
90 days .)  The data  in d ic a te s  t h a t  th e  anodic c u r re n t  d en s ity  r e q u i r e ­
ments in c re a se  as th e  s a l t  co n cen tra t io n  o f  the  so lu t io n  in c re a se s .  The 
ca thod ic  curves show t h a t  the  samples exposed to  th e  s a l t  so lu t io n s  
re q u ire  more c u r r e n t  d e n s i ty  than th e  sample exposed to  d i s t i l l e d  w ater 
but th e  c u r re n t  d e n s i ty  requirem ents fo r  th e  samples exposed to  the 
various  s a l t  s o lu t io n s  a re  approximately the  same. A break in the  
ca thod ic  p o la r iz a t io n  curves f o r  th e  samples p laced in  the  s a l t  so lu t io n s  
was observed a t  the  same p o te n t ia l s  mentioned f o r  th e  samples with s a l t  
con ten t exposed to  d i s t i l l e d  w ater .
A comparison o f Figures 24 and 25 in d ic a te s  t h a t ,  in  g e n e ra l ,  
th e  anodic and ca thod ic  c u r re n t  d en s ity  requirem ents f o r  th e  samples of
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Type I P ortland  cement soaked in  th e  s a l t  s o lu t io n s  a r e  h igher than fo r  
the  samples o f  Type V P ortland  cement exposed to  th e  same s a l t  s o lu t io n s .
Figure 26 p resen ts  th e  anodic and ca thod ic  p o te n t i o s t a t i c  
p o la r iz a t io n  curves f o r  Type I P o r tland  cement. (The samples had been 
soaked in  va r ious  s a l t - c o n c e n t r a te d  s o lu t io n s  f o r  170 d ay s .)  These 
curves show t h a t  th e  c u r re n t  d e n s i ty  requirem ents in c re a se  as the  s a l t  
co n ce n tra t io n  o f  the  s o lu t io n s  in c re a s e s .  Anodic p o la r iz a t io n  curves 
in d ic a ted  a p a s s iv i ty  f o r  th e  s te e l  only on th e  sample exposed to  zero 
s a l t  s o lu t io n .  This r e s u l t  was a ls o  found in Figure  27 f o r  th e  p o te n t io ­
dynamic anodic p o la r i z a t io n .  (The samples had been soaked in  s a l t - c o n c e n ­
t r a t e d  s o lu t io n s  f o r  300 d ay s .)  The r e s u l t s  a lso  in d ic a te  t h a t  the  region 
o f  p a s s iv i ty  was much g r e a te r  fo r  th e  sample soaked in  d i s t i l l e d  w ater than 
fo r  the  sample in  0 . 1% s a l t  so lu t io n !
Figure 28 re p re se n ts  th e  anodic and ca thod ic  p o t e n t i o s t a t i c  
p o la r iz a t io n  curves o f  s t e e l  in Type V Portland  cement. (The samples 
had been soaked in  various  s a l t - c o n c e n t r a te d  s o lu t io n s  f o r  170 d a y s .)
The r e s u l t  in d ic a te s  t h a t  th e  c u r re n t  d e n s i ty  requirem ents  in c rease  as 
the  s a l t  co n ten t o f  the  s o lu t io n  in c re a s e s .  A s i g n i f i c a n t  v a r ia t io n  
in  c u r r e n t  d e n s i ty  was observed fo r  th e  samples exposed to  s a l t  so lu ­
t i o n s ,  compared to  th e  samples exposed to  d i s t i l l e d  w a ter .  The s te e l  
was p a ss iv a ted  only in the  samples exposed to  no s a l t  s o lu t io n s .  Figure 
29, which re p re s e n ts  th e  potentiodynamic p o la r iz a t io n  cu rv es ,  in d ic a ted  
the  same r e s u l t .  (The samples had been exposed to  s a l t  s o lu t io n  f o r  
300 d ay s .)
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A comparison o f  F igures 26 and 28 in d ic a te s  t h a t  th e  anodic and 
ca th o d ic  c u r r e n t  d e n s i ty  requirem ents  f o r  th e  samples exposed to  th e  
s a l t  s o lu t io n s ,  compared to  th e  samples soaked in  d i s t i l l e d  w a te r ,  a re  
h igher f o r  Type I than f o r  Type V P o r t lan d  cement.
Figure  27 in d ic a te s  t h a t  th e  anodic c u r re n t  requirem ents  f o r  
s te e l  in  th e  sample o f  Type I P o r t lan d  cement exposed to  3.5% s a l t  
s o lu t io n  f o r  45 days a r e  about th e  same as fo r  th e  samples exposed to  
0 .5 ,  1, and 2% s a l t  s o lu t io n s  bu t h ig h e r  than f o r  th e  samples exposed to  
zero  and 0.1% s a l t  s o lu t io n s  f o r  300 days. Figure 29 a ls o  in d ic a te s  t h a t  
th e  anodic c u r re n t  requirem ent f o r  s t e e l  in  Type V P or tland  cement 
exposed to  3.5% s a l t  s o lu t io n  f o r  th e  period  of 45 days i s  h igher than 
f o r  th e  samples exposed to  0.1 and 0.5% s a l t  so lu t io n s  bu t lower than 
t h a t  f o r  th e  samples exposed to  1 and 2% s a l t  so lu t io n s  f o r  300 days.
Figure 30 in d ic a te s  t h a t  th e  anodic c u r re n t  d e n s i ty  o f  s te e l  in  
Type I and V P ortland  cement exposed to  s a l t  s o lu t io n s  in c rease s  as th e  
s a l t  c o n ten t  and exposure time to  s a l t  s o lu t io n  in c re a se s .
A comparison o f  F igures 27 and 29 in d ic a te s  t h a t  th e  s a l t  pene­
t r a t e s  a t  a much f a s t e r  r a t e  f o r  th e  samples o f  Type I P ortland  cement 
exposed to  th e  s a l t  s o lu t io n s  ranging from 0.1 up to  3.5% than f o r  Type 
V exposed to  the  same s o lu t io n s .  (See a lso  Figure 30 .)
A comparison o f  F igures  24 and 26 in d ic a te s  t h a t  th e  exposure 
time to  s a l t  s o lu t io n s  has a s i g n i f i c a n t  e f f e c t  on the  in c re a se  o f  anodic 
and ca thod ic  c u r re n t  d e n s i ty  f o r  Type I P o r tland  cement. (See a lso  
Figure  30 .)
No break in  th e  anodic p o la r iz a t io n  curves was seen f o r  th e  
samples soaked in  0 .5 ,  1, and 2% s a l t  s o lu t io n s  fo r  90 days, but a break
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was observed a f t e r  170 days o f  exposure a t  the  same p o te n t ia l s  as 
mentioned fo r  the  samples w ith s a l t  con ten t exposed to  d i s t i l l e d  w ater .
A comparison o f  Figures 25 and 28 in d ic a te s  t h a t  the exposure 
time to  the  s a l t  s o lu t io n s  ( f o r  a period o f  90 to  170 days) has a 
f a i r l y  small e f f e c t  on the  anodic and ca thod ic  c u r re n t  den s ity  r e q u i re ­
ments f o r  the  samples o f  Type V Portland  cement.
Figure 31 p re sen ts  the  d i f f e r e n t i a l  anodic c u r re n t  d en s ity  a t  
the  p o te n t ia l  o f  800 mv (with re sp e c t  to  a M0 /M0 O3 e le c t ro d e )  as a func­
t io n  o f  the  s a l t - c o n c e n t ra te d  s o lu t io n .  The d i f f e r e n t i a l  anodic c u r re n t  
d e n s i ty  was determined by s u b tra c t in g  the  anodic c u r re n t  d ens ity  r e q u i re ­
ment a t  +800 mv f o r  the samples o f  Types I and V Portland  cement concrete  
exposed to  d i s t i l l e d  w ater from th e  c u r re n t  d e n s i ty  requirement f o r  the  
samples o f  Types I and V exposed to  so lu t io n s  with various  s a l t  concen tra ­
t io n s  a t  the  same p o te n t ia l  (+800 mv). Figure 31 a lso  p resen ts  the  cu r­
r e n t ,  c a lc u la te d  by the  d i f fu s io n  process equation  (see  Appendix B). The 
r e s u l t  in  Figure 31 in d ic a te s  th a t  the  d i f f e r e n t i a l  anodic c u rre n t  
in c re a se s  as the  s a l t  co n ten t  of th e  so lu t io n  in c re a s e s .  The c u rre n t  
c a lc u la te d  by the  d i f fu s io n  process in c rease s  l i n e a r ly  with the  inc rease  
o f  th e  s a l t  con ten t in  the  s o lu t io n .
Figure 32 i s  a p lo t  o f  the  s te e l  p o te n t ia l  in Types I and V 
Portland  cement samples exposed to  various s a l t - c o n c e n t ra te d  so lu t io n s  
f o r  90 to  170 days. The p o te n t ia l s  o f  s te e l  in Type I Portland cement 
s h i f te d  toward more negative  values as the  s a l t  co n cen tra tio n  of the  
s o lu t io n s  increased  except f o r  th e  samples exposed to  a 0.5% s a l t  
s o lu t io n .  The s h i f t  in p o te n t ia l  fo r  the  samples exposed to  0 .1 ,  0 .5 ,  
and 1% s a l t  s o lu t io n s  a f t e r  90 days was c o n s ta n t .  There was no s ig n i f i c a n t
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s h i f t  in  p o te n t i a l s  f o r  samples exposed to  s a l t  s o lu t io n s  w ith  a s a l t  
c o n ce n tra t io n  lower than 1%, bu t an ap p re c ia b le  p o te n t ia l  s h i f t  was 
observed f o r  th e  samples exposed to  1 and 2% s a l t  s o lu t io n s .
The p o te n t i a l s  o f  s t e e l  in  Type V P ortland  cement samples a lso  
s h i f t e d  toward th e  n eg a tiv e  d i r e c t i o n  as th e  s a l t  c o n c e n tra t io n  o f  the  
s o lu t io n s  was in c re a se d ,  except f o r  th e  sample exposed to  1% s a l t  so lu ­
t io n  f o r  170 days. The exposure time to  s a l t  s o lu t io n s  (from 90 to  170 
days) fo r  th e  samples o f  Type V Portland  cement had a s i g n i f i c a n t  e f f e c t  
on the  s te e l  p o t e n t i a l .
Figure  33 p re sen ts  th e  potentiodynamic ca th o d ic  p o la r iz a t io n  o f  
s t e e l  w ith and w ithou t IR drop compensation in  2% sa l t -co n tam in a te d  con­
c r e t e  o f  Type V Portland  cement. In t h i s  t e s t ,  th e  p o te n t ia l  o f  th e  s te e l  
was c o n t ro l le d  by the  M0 /M0 O3 e le c t ro d e  embedded a d ja c e n t  to  th e  s te e l  
p l a t e .  The r e s u l t  in d ic a te s  no change in  th e  Tafel s lope  o f  th e  p o la r iz a ­
t io n  curves and a very  small s h i f t  in  the  c u r re n t  requ irem ents  (see  curves 
1 and 2 in Figure 33).  Figure  34 a lso  re p re se n ts  th e  potentiodynamic 
p o la r iz a t io n  o f  s t e e l  w ith and w ithou t IR drop compensation in  2% s a l t -  
contaminated co n cre te  o f  Type V P o r tlan d  cement. In t h i s  experim ent, the  
p o te n t ia l  o f  th e  s t e e l  p l a t e  was c o n t ro l le d  by an e x te rn a l  Cu/CuSO^ r e f e r ­
ence e le c t ro d e .  The da ta  in d ic a te s  no s ig n i f i c a n t  change in  th e  Tafel 
s lo p e ,  but a small s h i f t  in  th e  c u r r e n t  requirem ents  (see  curves 1 and 2 
in  Figure 34).
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E ffe c t  o f  S teel Wire Mesh and P o te n t ia l  Measurement 
E rror on Current and P o te n t ia l
The r e s u l t s  in t h i s  s ec t io n  w il l  be d iv ided  in to  two p a r t s ,  
s o lu t io n  and concre te  environments.
4 .4  Solu tion
The p o te n t ia l  measurements in the  so lu t io n  were made by sa tu ra te d  
calomel re fe ren ce  e le c t ro d e s .  Luggin probes were used to  reduce the  IR 
drop in  p o te n t ia l  measurements.
4 .4 .1 P o la r iz a t io n  o f  the  S tee l P l a t e .
4 .4 .1 .1  The Wire Mesh was Between the Anode and Cathode w ith  no Connection. 
Figure 35 p resen ts  the  anodic and ca thod ic  p o la r iz a t io n  curves
fo r  th e  s te e l  p la te  in  a s a tu ra te d  calcium hydroxide [CafOHjg] so lu t io n  
w ith the  presence and the  absence of  a s te e l  wire mesh. D if fe re n t  s ize s  
o f  w ire  mesh were used to  d iscover  th e  e f f e c t  o f  hole s iz e  in sh ie ld in g  
the  c u r r e n t .  The c e l l  assembly f o r  t h i s  t e s t  i s  shown in Figure 7. The 
r e s u l t s  in d ic a te  no s ig n i f i c a n t  d i f f e r e n c e s  in c u r re n t  d en s ity  r e q u i re ­
ments with the  w ire  mesh compared to  those  w ith no w ire  mesh.
4 . 4 . 1 . 2  The Wire Mesh was Connected to  the Top and Bottom o f  the S te e l  
P la te  and R aised in  an Arc About One Inch.
Figure 36 p re sen ts  the  anodic and ca thod ic  p o la r iz a t io n  of  the  
s t e e l  p la te  in  a s a tu ra te d  CafOHjg s o lu t io n  when the  wire mesh was con­
nected to  the  top and bottom of the  s te e l  p l a t e .  The c e l l  assembly fo r  
t h i s  experiment i s  shown in Figure 9. The r e s u l t s  in d ic a te  t h a t  the  
ca thod ic  c u rre n t  d e n s i ty  does not change s ig n i f i c a n t l y  with the  wire 
mesh connected to  th e  s te e l  p la te  o r  w ithou t any w ire mesh. The anodic
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curves show t h a t  the  pass ive  reg ion  i s  g r e a te r  fo r  th e  s te e l  p la te  w ith ­
out any wire mesh than i t  i s  when th e  w ire mesh i s  connected to  the  
s te e l  p l a t e .  The r e s u l t s  a l s o  in d ic a te  t h a t  the  anodic c u r re n t  d en s ity  
requirem ents f o r  the  s te e l  w ithout w ire  mesh a re  h igher than when the  
w ire  mesh i s  connected to  th e  p l a t e .  In c a lc u la t in g  th e  c u r re n t  d en s ity  
fo r  the  case  where the  w ire  mesh was connected to  th e  p l a t e s ,  the  c e l l  
c u r re n t  was d iv ided  by the  sum o f  th e  p la te  and wire mesh su rface  a re a s .  
4 . 4 . 1 . S  The Wire Mesh was Lying on th e S te e l  Flate .
Figure 37 p re sen ts  the  anodic and ca thod ic  p o la r iz a t io n  curves 
fo r  the  s te e l  p la te  in  a s a tu r a te d  CafOHjg so lu t io n  when the  wire mesh 
was ly ing  on the  p la t e .  The c e l l  assembly f o r  t h i s  t e s t  i s  shown in 
Figure 8 . The r e s u l t s  show no s i g n i f i c a n t  d i f f e r e n c e s  in  the  cathodic  
c u r re n t  d en s i ty  fo r  th e  s te e l  p l a t e  with and w ithout th e  w ire  mesh. The
anodic p o la r iz a t io n  curves in d ic a te  t h a t  the  pass ive  reg ion  fo r  the  s te e l
p la te  w ithout th e  w ire mesh i s  g r e a te r  than when the  w ire  mesh i s  p re sen t .  
In t h i s  t e s t ,  th e  c u r re n t  d e n s i ty  was c a lc u la te d  as th e  c e l l  c u r re n t  
divided by th e  sum of th e  p la te  and w ire  mesh su rface  a reas  ( f o r  the  case  
where wire mesh was connected to  th e  p l a t e ) .
4 .4 .2  S h i f t  in Wire Mesh P o te n t ia l  Because o f  the  Passage of
Current (The Wire Mesh was Between th e  Anode and Cathode.) Figure 38
shows t h a t  the  p o te n t ia l  o f  th e  w ire  mesh s h i f te d  with the  p o la r iz a t io n  
of the  s te e l  p l a t e .  The s h i f t  in w ire  mesh p o te n t ia l  was toward the  
p o s i t iv e  fo r  th e  ca thod ic  p o la r iz a t io n  and toward th e  neg a tiv e  fo r  the  
anodic p o la r iz a t io n  o f  th e  s te e l  p l a t e .
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4 .4 .3  P o te n t ia l  S h i f t  o f  th e  Platinum E lec trode  as a Function 
o f D istance Because o f  the  Passage o f  Current (Platinum P la te s  were 
Between th e  Anode and the  Cathode with no C onnec tion .) The experimental 
s e t -u p  shown in  Figure 10 was conducted to  determine th e  p o te n t ia l  g ra ­
d ie n t  between anode and cathode. This experiment was conducted in 3% s a l t  
so lu t io n  w ith  f iv e  platinum e le c t ro d e s .  Two o f  these  acted  as anode and 
cathode and th re e  were between the  anode and the  cathode. The p o te n t ia l  
o f  th e  th re e  platinum e le c t ro d e s  between the  anode and cathode was 
measured s im ultaneously  during ca thod ic  p o la r iz a t io n .  The r e s u l t s  p re ­
sen ted  in Figure 39 in d ic a te  t h a t  the  p o te n t ia l  o f  these  th re e  platinum 
e le c t ro d e s  s h i f t e d  toward more nega tive  values as th e  ca thod ic  c u r re n t  
in c reased .  A lso, the  p o te n t ia l  s h i f te d  toward le s s  nega tive  values as 
the  d is ta n c e  o f  platinum e le c t ro d e  from the  cathode was increased  (see  
a lso  Figure 40). Figure 40 p re sen ts  th e  s h i f t  in  the  p o te n t ia l  o f  th e  
platinum  e le c tro d e  as a fu n c tio n  o f  d is ta n c e  from the  cathode a t  th re e  
co n s ta n t  l e v e l s  of c u r r e n t .  The r e s u l t s  in d ic a te  t h a t  the  p o te n t ia l  
s h i f t  i s  no t l in e a r  as a fu n c tio n  o f  d is ta n c e  from the  ca thode .
4 .5  Concrete
4.5 .1  P o la r iz a t io n  o f  the S tee l P la te  in  the  Presence o f  a 
Wire Mesh. Figure 41 p re sen ts  the  anodic and cathodic  p o la r iz a t io n  o f  
the  s te e l  p la te  with a w ire mesh connected and disconnected to  the  p la te  
(a c e l l  assembly fo r  t h i s  co ncre te  sample i s  shown in Figures 3B and 4 ) .  
The r e s u l t s  in d ic a te  t h a t  th e  cathodic  c u r re n t  d en s ity  requirem ents fo r  
the  sample w ith  the  w ire  mesh connected to  th e  p la te  a re  h igher than fo r  
the  sample with no wire mesh. The opposite  e f f e c t  was found fo r  samples
CURVE-1 : POTENTIAL SHIFT OF PLATINUM 
IN POSITION I
CURVE-2 : POTENTIAL SHIFT OF PLATINUM 
IN POSITION 2
CURVE-3: POTENTIAL SHIFT OF PLATINUM 
IN POSITION 3
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FIG. 39. P O TE N TIA L  S H IFT  OF P LA TIN U M  ELECTRO DES AS A R ESU LT OF 
CATHODIC POLARIZATION OF CATHODE IN 3 %  SALT SO LUTIO N.
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FIG. 40. POTENTIAL S H IF T  OF PLATINUM PLATE BETWEEN
ANODE AND CATHODE AS A FUNCTION OF DISTANCE 
AT THREE LEVELS OF CATHODIC CURRENT IN 3 %  
SALT SOLUTION.
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FIG, 41, ANCDIC AND CATHODIC POLARIZATION OF STEEL PLATE IN PRESENCE OF 
WIRE MESH IN TYPE I PORTLAND CEMENT CONCRETE. SAMPLES WERE IN 
DRY CONDITION OF LABORATORY FOR 20 TO 30 DAYS AFTER CURING.
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with  the  wire  mesh disconnected from the  p l a t e .  The anodic p o la r i z a t i o n  
curves i n d i c a t e  t h a t  the  anodic c u r r e n t  d e n s i ty  requirements fo r  the  
samples with  wire mesh connected and disconnected to  the  p l a t e  a re  lower 
than the  sample with no wire  mesh.
Figure 42 a l so  p re sen ts  the  anodic and cathodic  p o l a r i z a t i o n  of  
the  s t e e l  with a wire mesh connected and disconnected to  the  p l a t e .  In 
t h i s  experiment,  the  samples were exposed to  d i s t i l l e d  water f o r  four  
months. The r e s u l t s  i n d i c a t e  t h a t  the  ca thodic  c u r r e n t  d en s i ty  r e q u i r e ­
ments f o r  th e  sample with  no wire  and those  with wire  mesh placed between 
the  anode and cathode with  no connection,  a re  about the  same. The cathodic  
c u r r e n t  d e n s i ty  f o r  th e  samples with  wire mesh connected to  the  p l a t e  i s  
h igher  than the  sample with no wire  mesh. The anodic c u r r e n t  dens i ty  
requirements  f o r  the  samples with wire  mesh connected and disconnected 
to  the  p l a t e  were a l i t t l e  s c a t t e r e d  fo r  the  wire  meshes with d i f f e r e n t  
hole  s i z e s .  In these  exper iments,  the  c u r r e n t  dens i ty  fo r  samples with 
the  wire mesh connected t o  the  p l a t e  was c a lc u la t e d  as the c e l l  c u r r e n t  
d iv ided  by the  sum of  the  su r face  a reas  of  the  p l a t e  and wire mesh.
Figure  43 p resen ts  a potentiodynamic ca thod ic  p o l a r i z a t i o n  of  
th e  s t e e l  f o r  the  samples o f  Type I Por tland cement concre te  with  the 
wire  mesh (between the  anode and cathode with  no connection) and without  
the  mesh. The p o te n t i a l  o f  the  s t e e l  was f i r s t  c o n t ro l l e d  by an 
embedded Mo/MoOg e lec t ro d e  p lace  ad jacen t  to  th e  s t e e l  p l a t e ,  then by 
an ex te rn a l  Cu/CuSO^ e l e c t r o d e .  The samples had been exposed to  the  
dry c o nd i t ion  of  th e  l a b o ra to ry  f o r  300 days.  The r e s u l t s  in d i c a t e  t h a t  
the  ca thodic  c u r r e n t  requirements  decreased s u b s t a n t i a l l y  when the  
p o t e n t i a l  of  th e  s t e e l  was c o n t r o l l e d  by Mo/MoOg in s te ad  of Cu/CuSO^.
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(Compare curves 1 and 3 in Figure 43 .)  The data  a l so  i n d ic a te s  t h a t  the  
l o c a t io n  of  wire  mesh between the  s t e e l  p l a t e  and Cu/CuSO^ e lec t ro d e  
i n t e r f e r e s  with  the p o t e n t i a l  and consequently  with the  c u r r e n t  r e q u i r e ­
ments. (See curves 2 and 4 in Figure 43 .)
4 .5 .2  P o ten t ia l  S h i f t  o f  the  Wire Mesh Because of  the  Passage 
o f  Current (The Wire Mesh was Between the  Anode and Cathode with no 
Connec t ion . ) Figures 44 and 45 p re sen t  the  p o ten t ia l  s h i f t  of  the  wire 
mesh compared to  Mo/MoOg and Cu/CuSO^ re fe rence  e lec t ro d e s  as a r e s u l t
o f  anodic and cathodic  c u r r e n t s  f o r  the  s t e e l  p l a t e .  The p o te n t i a l  s h i f t  
o f  the  wire  mesh i s  toward the  more p o s i t i v e  d i r e c t i o n  as a r e s u l t  o f  the  
ca thodic  c u r r e n t  and toward a more negative  value because o f  the  anodic 
c u r r e n t  requ ired  f o r  th e  s t e e l  p l a t e .  Figure 45 a l so  in d ic a te s  t h a t  the  
p o te n t i a l  o f  the  wire mesh w i l l  not change because of  the  cathodic  c u r r e n t  
r equ i red  f o r  s t e e l  p la t e  i f  the  wire  mesh i s  placed o u ts ide  the  e l e c t r i c  
f i e l d  which e x i s t s  between anode and cathode.  (A c e l l  assembly f o r  a 
concre te  s lab  used in t h i s  t e s t  i s  shown in Figure 46 .)
4 .5 .3  P o ten t ia l  S h i f t  o f  the  Wire Mesh as a Function of  
Dis tance from the  Cathode Because o f  the  Passage o f  Current (The Wire 
Meshes were Between the  Anode and Cathode with  no Connec t ion . ) Figure 47 
i n d i c a t e s  the  s h i f t  in p o t e n t i a l  o f  the  wire  mesh as a r e s u l t  o f  a change 
in i t s  d i s t a n c e  from the  p l a t e  during the  flow of  anodic and cathodic  
c u r r e n t .  A c e l l  assembly f o r  a concre te  s lab  used in t h i s  t e s t  i s  shown 
in Figure 5. The data  i n d i c a t e s  t h a t  the  s h i f t  in wire  mesh p o te n t ia l  
inc rease s  as the  d i s t a n ce  o f  wire  mesh from the s t e e l  p l a t e  in c re ase s .  
Figure 48 shows th a t  the  s h i f t  in  wire  mesh p o te n t i a l  as a func t ion  of  
d i s t a n c e  from the  cathode i s  not l i n e a r .  The s h i f t  in  p o te n t i a l  o f  the
8 0 0 -
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FIG. 45, POTENTIAL SHIFT OF WIRE f€SH IN TYPE I PORTLAND CEMENT CONCRETE 
DURING CATHODIC POLARIZATION OF STEEL PLATE.
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FIG. 46. CELL ASSEMBLY FOR CONCRETE SLAB WITH 
WIRE MESH OUTSIDE OF ELECTRIC FIELD 
BETWEEN ANODE AND CATHODE.
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wire  mesh was a l so  observed when an ex te rna l  Cu/CuSO^ e lec t ro d e  was used 
(see  Figure 49).
In the  concre te  s lab  shown in Figure 5, the  p o te n t ia l  s h i f t  of 
a l l  wire  meshes was compared only to  the  Mo/MoOg e lec t ro d e  placed in the  
p o s i t io n  4 (Mo/MoOg(4)). In the  cathodic  p o l a r i z a t i o n  of  the  s t e e l  p la te ,  
th e  p o t e n t i a l  of  the  wire meshes placed a t  the  r i g h t  hand s ide  of  the  
Mo/MoOg e lec t ro d e  s h i f t e d  toward more p o s i t iv e  values and toward more 
nega t ive  values  f o r  the  wire meshes placed a t  the  l e f t  hand s ide  o f  the 
Mo/MoOg e lec t ro d e  (see  Figures 50 and 51). This r e s u l t  was repeated in 
the  data  presented in Figure 52.
The anodic p o l a r i z a t i o n  of  the  s tee l  p l a t e  in  the  concrete  
sample shown in Figure 5 in d ic a te s  t h a t  the  p o te n t ia l  of  the  wire meshes 
va r ied  with  anodic c u r r e n t .  The p o te n t i a l  o f  the  meshes measured 
versus  the  Mo/MoOg e lec t ro d e s  placed a t  the  l e f t  hand s ide  of  those 
meshes s h i f t e d  towards more negative  va lues .  The oppos i te  e f f e c t  was 
observed when the p o te n t i a l  of  the  meshes was measured versus the 
Mo/MoOg e lec t ro d es  placed a t  the  r i g h t  hand s ide  o f  those meshes (see 
Figures 53, 54, 55).  The s h i f t  in the  p o te n t i a l  of  the  wire meshes 
decreased as the  d i s ta n ce  of the  mesh from the re fe rence  e lec t rodes  
decreased .  This f ind ing  was observed in a l l  the  da ta .
Figure 56 p resen ts  th e  p o te n t i a l  v a r i a t i o n  o f  the  Mo/MoOg 
re fe ren ce  e lec t ro d e s  compared to  an ex te rna l  Cu/CuSO^ e lec t ro d e  placed 
in  the p o s i t io n  1 during the  ca thodic  p o la r i z a t i o n  of  the  s t e e l  p l a t e .
The c e l l  assembly and the  e l e c t ro d e  p o s i t io n s  f o r  t h i s  t e s t  a re  shown 
in  Figure 57. The r e s u l t s  i n d ic a te  t h a t  the  p o te n t i a l  of  the  Mo/MoOg 
e lec t ro d e s  placed a t  the  r i g h t  hand s ide  of  the  Cu/CuSO^ e lec t ro d e
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s h i f t e d  toward a more p o s i t i v e  va lue while the  p o ten t ia l  o f  those placed 
a t  the  l e f t  hand s id e  s h i f t e d  toward a more negat ive  va lue.  This r e s u l t  
was s im i l a r  to  those  obta ined f o r  the  wire mesh.
4 . 5 . 4  P o te n t ia l  S h i f t  of  the  Platinum P la te  as a Function of 
Distance from the  Cathode. (Platinum P la te s  were Between the  Anode and 
the  Cathode with no Connection .) Figure 58 p resen ts  the  s h i f t  in 
p o te n t i a l  o f  fou r  platinum p la te s  which had been placed between the 
anode and th e  cathode during anodic c u r r e n t  f low. (The c e l l  assembly 
and e lec t ro d e  arrangement in t h i s  t e s t  a re  shown in Figure 6 . )  The 
p o te n t i a l  o f  each platinum p la t e  was measured with re spec t  to  the  
Mo/MoOg e lec t ro d e  placed ad jacen t  to  the  edge o f  t h a t  platinum p la t e .
The r e s u l t s  in d ic a te  t h a t  the  p o t e n t i a l  of  the  platinum p la t e s  s h i f t e d  
toward more p o s i t i v e  values because of  anodic c u r ren t  flow. The s h i f t  
in p o te n t i a l  was h igher as the  platinum p la t e  was moved f a r t h e r  from the 
anode.
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CATHODE AS A RESULT OF ANODIC POLARIZATION 
IN TYPE I  PORTLAND CEMENT CONCRETE.
CHAPTER V 
DISCUSSION OF RESULTS
The Electrochemical Behavior o f  Steel  
in Sa lt-Contaminated Concrete 
The i n t e r p r e t a t i o n  o f  r e s u l t s  and the  proposed corros ion  mechanism 
a re  p resented  below.
5.1 Samples Exposed to  the  Dry Conditions o f  the  Laboratory
The anodic and ca thod ic  p o l a r i z a t i o n  curves f o r  s t e e l  in Types I 
and V Portland cement exposed to  the  dry cond i t ions  of  the  l ab o ra to ry  f o r  
2 0 0  days i n d ic a te  t h a t  the  samples with  no s a l t  r e q u i re s  h igher c u r r e n t  
d en s i ty  than the  samples with  s a l t  c o n ten t .  (See Figures 11 and 13.)  This 
r e s u l t  was confirmed by the  potentiodynamic anodic p o l a r i z a t i o n  curves f o r  
the  samples exposed t o  the  dry cond i t ions  o f  the  l ab o ra to ry  f o r  300 days. 
(See Figures 12 and 14.)  The c u r r e n t  d e n s i ty  requirements  a l so  decreased 
as the  s a l t  con ten t  inc reased .
This r e s u l t  may be due to  th e  f a c t  t h a t  th e  concrete  samples with 
h igher s a l t  con ten t  r e t a i n  more water  than th e  samples with zero or  lower 
s a l t  co n ten t .  This f a c t  was supported by v isua l  observat ion  t e s t s  where 
the  concre te  samples with h igher s a l t  con ten t  absorbed le s s  water than 
those  with  lower s a l t  c o n ten t .  In o th e r  words,  the  samples with h igher  
s a l t  con ten t  r e t a i n  more water when they dry than those  with lower s a l t
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co n ten t .  There fo re ,  th e  mois tu re  i s  uniformly d i s t r i b u t e d  along the  
s t e e l  p l a t e  in the  samples with h igher s a l t  con ten t  and the  p o s s i b i l i t y  
o f  a s e t -u p  f o r  an e lec t rochemical  c e l l  i s  low. However, in the  samples 
with  low s a l t  c o n ten t ,  an e lec t rochemical  c e l l  may be s e t  up along the 
s t e e l  p l a t e ,  because o f  a mois tu re  g ra d ie n t  along the  s t e e l .  The regions 
with  h igher  mois ture  then become anodic and those  with low water 
con ten t  become ca th o d ic .  As a r e s u l t ,  a loca l  a c t i o n  c u r r e n t  w i l l  flow 
between th e se  two p a r t s .  These r e s u l t s  a r e  confirmed by S t r a t f u l l  [85]:  
"Highly water  a b so rp t iv e  concre te  d r i e s  more r a p id ly  than a low absorption  
co n c r e te ,  and the  former s u s t a in s  a lower e l e c t r i c a l  r e s i s t i v i t y  f o r  a 
longer  per iod  than would be suspected by a comparative weight lo s s  of  
w a te r .  There fore ,  a h ighly  water a b so rp t iv e  concre te  could r e s u l t  in a 
ra p id  c o r ros ion  of  th e  embedded s t e e l . "  This r e s u l t  may be due to  the  
d e l iq u e sc en t  p roper ty  o f  s a l t ,  which absorbs mois tu re .
The open c i r c u i t  p o t e n t i a l  of  s t e e l  in Types I and V Por tland  
cement concre te  samples exposed to  dry cond i t io n s  in d ic a te s  t h a t  the  
s t e e l  p o t e n t i a l  f o r  the  samples with no s a l t  i s  in the  range o f  500 - 
520 mv compared to  a Cu/CuSO^ e l e c t r o d e .  (See Figure 15.)  These p o te n t i a l s  
i n d i c a t e  t h a t  the  s t e e l  in t h i s  concre te  i s  in a c o r ro s iv e  s t a t e ,  accord­
ing to  th e  f in d in g s  of  some i n v e s t i g a t o r s  who say t h a t  s t e e l  in concrete  
w i l l  cor rode  i f  the  p o te n t i a l  i s  more negat ive  than -300 to  -350 m i l l i v o l t s  
w i th  r e s p ec t  to  Cu/CuSO^ [8 6 ,87 ,88 ,89 ] .  These i n v e s t i g a t o r s  have a l so  
found t h a t  r e in f o r c in g  s t e e l  with p o t e n t i a l s  more p o s i t i v e  than - 1 0 0  to 
-300 mv with  r e s p e c t  to  a Cu/CuSO^ e le c t r o d e  was not corroded in  simula ted 
c onc re te  environments .
The s t e e l  p o te n t i a l  in Type V Por t land  cement was more p o s i t i v e
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than Type I Por t land  cement f o r  the  samples with and wi thout  s a l t  c o n ten t ,  
except f o r  the  sample with  0.5% s a l t .  The p o te n t i a l  o f  s t e e l  in  Type I 
Por t land  cement was about the  same f o r  the  samples with  s a l t  con ten t  up 
to  1%, bu t  the  p o te n t i a l  s h i t e d  a l i t t l e  toward a more p o s i t i v e  d i r e c t i o n  
f o r  the  2% s a l t  con ten t  sample. The s t e e l  p o te n t i a l  in  Type V Por tland  
cement s h i f t e d  s i g n i f i c a n t l y  toward a more p o s i t i v e  value compared to  the 
samples with  lower s a l t  con ten t .  This r e s u l t  may be due to  s c a t t e r e d  
da ta  caused by measurement u n c e r t a i n i t i e s .
Potentiodynamic anodic p o la r i z a t i o n  curves f o r  s t e e l  in concre te  
samples with  var ious  s a l t  con ten ts  showed some d i f f e r e n c e s  in cu r ren t  
requirements  a t  the  ca thod ic  p a r t s  o f  the  p o l a r i z a t i o n  curves.  (See 
Figures 12 and 14.)  This f a c t  i s  probably due to  the d i f f e r e n t  oxygen 
c o n ce n t ra t io n  f o r  d i f f e r e n t  concre te  samples. These v a r i a t i o n s  in oxygen 
co n cen t ra t io n  may be caused by d i f f e r en c es  in mois tu re  content  or  p o ro s i ty ,  
o r  even by cracks  in th e se  concre te  samples.
However, in th e  presence o f  oxygen, a ca thod ic  reac t ion  a t  s t e e l  
su r face  occurs ,  as fo l lows:
1  Og + HgO + 2e" 20H' (2a)
The r a t e  of  r e a c t io n  (2a) v a r ie s  with the  d i f f e r e n t  oxygen concen t ra t ions  
a t  the  s t e e l - c o n c r e t e  i n t e r f a c e .  As a consequence,  the  cathodic  c u r r e n t  
v a r i e s  to o .  This v a r i a t i o n  can be b e t t e r  explained by consider ing  the  
r e l a t i o n s h i p  between c u r r e n t  and th e  co ncen t ra t ion  of  oxygen a t  the  s t e e l  
su r face :
I = k {[Og] -  [Og] } (10)
bulk su r face
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where k i s  a c o n s tan t .
As can be seen , the  cu r ren t  v a r ie s  with the s h i f t  in oxygen 
concen t ra t ion  a t  th e  s t e e l  su r face .  In the  absence o f  oxygen a t  the 
s t e e l  s u r f a c e ,  the  c u r r e n t  remains co n s tan t ,  the  r e ac t io n  ( 2a) does not 
take  p lace  and th e  s t e e l  w il l  be po la r ized  without any change in  cu r re n t  
de n s i ty .
5.2 Samples Exposed to  D i s t i l l e d  Water 
The anodic and cathodic  p o l a r i z a t i o n  curves f o r  s t e e l  in  Types I 
and V Por t land  cement samples with various  s a l t  contents  ( the  samples 
were exposed to  d i s t i l l e d  water f o r  90 and 170 days) i n d ic a te  t h a t  the 
c u r r e n t  d e n s i ty  of  s t e e l  increases  as s a l t  con ten t  o f  the  samples 
in c re a s e s .  (See Figures 16, 17, 18, and 20 .)  This r e s u l t  can be explained 
by th e  breakdown in the  pass ive f i lm because o f  ch lo r ide  a t t a c k .
Foley [90] has derived f i v e  t h e o r ie s  to  expla in t h i s  c h lo r id e
a t t a c k :
1. Chlor ide  p e n e t r a t io n  in to  th e  oxide f i lm ,  which i s  o therwise  p ro te c t iv e .
2. P r e f e r e n t i a l  adsorp t ion  of C l '  r a t h e r  than a pa ss iva t ing  s p ec ie s .
3. The f i e l d  e f f e c t  o f  absorbed C l '  ions pu l l ing  Fe** ions out  o f  the
m e t a l .
4.  C a ta ly s i s  of  the  corros ion  re a c t io n  by the  bridging s t r u c t u r e .
5. A complex formation between C l '  ions and some form o f  i ro n .
The a t t a c k  o f  ch lo r ide  by any of  the  above means may cause an 
inc rease  in  c u r r e n t  d e n s i ty .  This s ta tement i s  supported by th e  work of 
D.L. P i rou ,  E.P.  Koutsoukos, and Kon Nobe [91] on the  co r ros ion  behavior 
o f  n ickel -200  and Inconnel-600 in s o lu t io n .  Their  r e s u l t s  in d i c a t e  t h a t
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the  p a s s iv a t io n  p o te n t i a l  and c u r r e n t  dens i ty  in c rease  with an in c rease  
in th e  concen t ra t ion  o f  c h lo r id e  ions .  S im i la r  r e s u l t s  were found by 
Oladis  Rincon [92] and Traubenberg [93] ,  who in d ica ted  t h a t  anodic and 
ca thodic  c u r r e n t  den s i ty  o f  i ron  in  s u l f u r i c  ac id  with a pH of  3 increased  
as the  concen t ra t ion  o f  c h lo r id e  ions in  the  s o lu t io n  inc reased .
A comparison o f  th e  anodic and ca thod ic  p o l a r i z a t i o n  curves f o r  
s t e e l  in  Types I and V Por t land  cement with var ious  s a l t  con ten ts  ( the  
samples were exposed to  d i s t i l l e d  water f o r  90 to  170 days) in d ic a te s  
t h a t ,  in g e n e ra l ,  c u r r e n t  dens i ty  requirements  f o r  s t e e l  in Type I 
Por tland  cement a re  h igher  than f o r  Type V. (See Figures 16, 17, 18, 
and 2 0 . )
The potentiodynamic anodic p o l a r i z a t i o n  curves f o r  s t e e l  in 
Types I and V Por t land  cement samples with var ious  s a l t  contents  ( the  
samples were soaked in d i s t i l l e d  water f o r  300 days) in d ic a te  t h a t  the  
s t e e l  p l a t e  w i l l  p a s s iv a te  in Type I Por tland  cement samples with a s a l t  
con ten t  up to  0 . 1%, but s t e e l  main ta ins  i t s  p a s s i v i t y  in the  samples of  
Type V up to  0.5% s a l t  con ten t .  (See Figures 19 and 21.)
The d i f f e r e n c e s  in the  e lec t rochemical  behavior o f  s t e e l  in 
Types I and V Por t land  cement may be due to  th e  pH d i f f e r en c es  which e x i s t  
between these  two types  of  cement. This change in pH f o r  these  two types 
o f  cement may be caused by physical  damage such as  cracks  c rea ted  by the  
curing process .  As mentioned in the  Theory Sec t io n ,  Type I Por tland  
cement conta ins  more C^ A than Type V, which produces a higher hea t  o f  
hydra t ion .  There fore ,  the  in s id e  temperature  o f  the  concre te  i s  h igher 
than the  o u t s id e ,  which may cause a c rack .  The carbon dioxide and s a l t  
can then p e n e t r a te  f r e e l y  i n to  th e  concre te  and lower the  pore s o lu t io n
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pH around the  s t e e l .  However, th e  low C^A in  Type V Por t land  cement 
produces a low heat o f  hydra t ion  and t h e r e f o r e  the  p o s s i b i l i t y  of  the  
cracks  in the  concre te  i s  l e s s  than in Type I .  As a consequence.  Type 
V Por t land  cement may main ta in  a h igher  pH than  Type I .
These d i f f e r e n c e s  in  pH a f f e c t  the  r a t e  o f  anodic and ca thodic
re a c t io n  and, t h e r e f o r e ,  th e  c u r r e n t  d e n s i ty  requirements .  The d i f f e r ­
ences in pH may even a f f e c t  the  formation o f  the  pass ive  f i lm .  This 
f a c t  can be expla ined  by cons ider ing  r e a c t io n s  ( 1 ) and ( 2b) mentioned 
in the  Theory Section  and a l so  given below:
Fe t  Fe** + 2e" (1) (anodic r e a c t io n )
Y Og + HgO + 2e" t  20H” (2a) (ca thodic  r e a c t io n )
The o v e ra l l  r e a c t io n  can be w r i t t e n  as :
Fe + Y Og + HgO + Fe(OH)g (11)
The fe r ro u s  hydroxide produced by equation (11) i s  in so lu b le  and 
uns tab le  in the  p re sen c e .o f  oxygen. T h e r e f o r e , t h i s  hydroxide w i l l  be
converted to  Fe(0 H)2  ( f e r r i c  hydroxide) which i s  l e s s  so lu b le  than 
Fe(0 H)2 * The f i n a l  product i s  r u s t ,  FOgOg.
This p r o t e c t i v e  oxide f i lm  (FegOg) i s  s t a b l e  in the  presence of  
a high a l k a l i n i t y  (pH ~ 12) o f  the  pore s o lu t io n  w i th in  the  c oncre te .  
However, the  i n t r o d u c t io n  o f  c h lo r id e  ions  i n to  the  concre te  breaks down 
t h i s  p r o t e c t i v e  f i lm and t h e r e f o r e ,  in c re a se s  the  r a t e  o f  anodic r e a c t io n .  
(See equation 1 . )  Thus, in a l e s s  a l k a l i n e  concre te  (one with  a lower 
pH) and in the  presence o f  c h lo r id e  ions ,  t h e  Fe(OH)g may not be con­
ver ted  to  Fe(OH)g, which i s  more s t a b l e  and l e s s  so lu b le  in water .  Thus,
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i t  may be assumed t h a t  the  d i f f e r e n c e s  in pH f o r  these  two types  of  
cement (Type I and V) may cause a d i f f e r e n t  r a t e  o f  r e a c t io n  which, in  
t u r n ,  would c r e a t e  d i f f e r e n t  c u r r e n t  d e n s i t i e s  f o r  the  p o l a r i z a t i o n  o f  
s t e e l  in co ncre te .
Gouda and Mourad £94] have s tud ied  th e  e f f e c t  o f  pH on the 
p o l a r i z a t i o n  o f  s t e e l  in two d i f f e r e n t  c e l l s  con ta in ing  sodium hydroxide 
with a pH o f  7 and 8 . They in d ica ted  t h a t  th e  anodic and ca thodic  c u r ­
r e n t  d e n s i ty  requirements  f o r  s t e e l  in  the  c e l l  with a pH o f  7 i s  h igher  
than t h a t  f o r  the  c e l l  with  a pH o f  8 . The r e s u l t s  o f  t h e i r  s tu d i e s  a l so  
in d ic a te  t h a t  the  r a t e  o f  anodic r e a c t io n  o f  s t e e l  in th e  c e l l  with  a pH 
o f  7 i s  h igher  than t h a t  f o r  th e  c e l l  with  a pH of  8 . The a d d i t io n  o f  
the  same amount o f  s a l t  i n to  th e se  two c e l l s  a l s o  r e s u l t e d  in an in c rease  
in the  c u r r e n t  d e n s i ty  requirement ,  but t h i s  in c re ase  was h igher  f o r  the  
c e l l  with  the  lower pH than f o r  t h a t  with the  h igher  pH.
The open c i r c u i t  p o t e n t i a l  o f  s t e e l  in the  Type I Por tland  cement 
sample with no s a l t  con ten t  was more negat ive  (more a c t i v e )  than f o r  Type 
V Por tland  cement. S im i la r  r e s u l t s  were found f o r  the  samples with  s a l t  
co n ten t .  (See Figure 23 . )  Gouda's work a l so  ind ica ted  t h a t  the  open 
c i r c u i t  p o t e n t i a l  of  s t e e l  in th e  c e l l  with the  pH of 7 i s  more negat ive  
than fo r  th e  c e l l  with  th e  pH of  8 . The a d d i t io n  o f  th e  same amount o f  
s a l t  in to  th e se  two c e l l s  caused the s t e e l  p o t e n t i a l  to  s h i f t  to  more 
negative  values  f o r  th e  c e l l  with  pH 7 than f o r  the  c e l l  with  pH 8 . This 
r e s u l t  i s  s i m i l a r  t o  the  da ta  obta ined f o r  Types I and V Por t land  cement. 
Therefore ,  from th e  Gouda's s tudy ,  i t  may be concluded t h a t  the  d i f f e r ­
ences in the  e lec t rochemical  behavior o f  s t e e l  in concre te  o f  Types I 
and V Por t land  cement may be caused by d i f f e r e n c e s  in PH, which in d i c a t e s
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t h a t  the  pH o f  the  pore so lu t io n  ad jacen t  to  s t e e l  fo r  Type I may be 
lower than f o r  Type V Por tland  cement.
A comparison o f  Figures 15 and 23 in d ic a te s  t h a t  the  open c i r c u i t
p o t e n t i a l  o f  s t e e l  in dry cond i t ions  f o r  Types I and V Por tland cement
s h i f t e d  toward a more p o s i t i v e  value ( l e s s  a c t i v e )  or  remained cons tan t
as the  s a l t  con ten t  o f  the  concre te  inc reased .  The oppos i te  behavior
was found f o r  s t e e l  in Types I and V Por t land  cement with  var ious s a l t
c o n ten t s ,  exposed t o  d i s t i l l e d  water .  This r e s u l t  in d ic a te s  t h a t  the
a t t a c k  o f  c h lo r id e  ions on the  pass ive  f i lm  i s  severe  in the  concrete
with a h igher  mois ture  co n ten t ,  because the  h igher  mois tu re  content
inc rease s  the  ion ic  co n d u c t iv i ty  of  th e  co ncre te .  As a consequence,
the  s t e e l  corrodes  because o f  lower r e s i s t i v i t y  ( 1 0 ^ - 1 0 ^  ohm-cm). In
8  11dry co n c re te ,  the  r e s i s i t i v i t y  i s  high (10 - 10 ohm-cm). There fore ,  
the  flow o f  local  a c t i o n  c u r r e n t  between the  anode and cathode i s  low 
and c o r ros ion  o f  the  s t e e l  i s  reduced.
A break a t  p o t e n t i a l s  of  about 500-  600 mv f o r  anodic and -500 
to  -700 mv with  r e s p ec t  to  a Mo/MoOg e le c t r o d e  f o r  ca thod ic  p o la r i z a t i o n  
o f  s t e e l  was observed in some o f  the  concre te  samples o f  Types I and V 
Por t land  cement with  the  s a l t  co n ten t .  These samples were exposed to  
d i s t i l l e d  water f o r  90 to 170 days.  A break a t  approximately the  same 
p o t e n t i a l s  mentioned above was a l so  observed f o r  the  anodic and cathodic  
p o l a r i z a t i o n  o f  the  platinum p la t e  in Types I and V Portland cement with 
var ious  s a l t  con ten ts  exposed to  d i s t i l l e d  w a ter .  (See Figure 22.)
This break was caused by the  e lec t rochemical  r e a c t io n s  which take  p lace  
because o f  the  e l e c t r o a c t i v e  spec ies  in the  c oncre te .
Concrete con ta ins  about 2 to  3% FegOg, which,  in the  presence of
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mois tu re  and c h lo r id e  io n s ,  r e a c t s  with water and forms FefOHjg. Then 
the  FefOHjg a t  p o t e n t i a l s  o f  about +600 mv (calcula ted  by Nernst  equat ion,  
see Appendix A) with re sp ec t  to  the  Mo/MoOg e le c t ro d e  and a t  a pH of  
about 12 to  13 ( t h i s  i s  about the  same as concre te  pH) w i l l  be converted 
to  y-FeOOH. The anodic r e a c t io n  which may take  p lace  a t  the  break 
p o te n t i a l  of  about 500 to  600 mv with  r e sp ec t  to  the  Mo/MoOg e lec t ro d e  
i s  p resented  as
Fe(0 H) 2  Y - FeOOH + H+ + e" (12)
A break a l so  occurred a t  p o t e n t i a l s  o f  about -500 to  -700 mv with 
re sp ec t  to  the  Mo/MoOg e le c t ro d e  f o r  cathodic  p o l a r i z a t i o n  of  s t e e l  and 
the  platinum p l a t e  in co ncre te .  This r e s u l t  in d ic a te s  t h a t  the  reac t io n
a t  the  s t e e l  su r face  i s  only  due to  the  e lec trochemical r e a c t io n s
a sso c ia te d  with th e  e l e c t r o a c t i v e  spec ies  in co n c re te .  The FegOg in 
concre te  r e a c t s  with oxygen a t  the  cathode and forms Fe^O^y This product 
(FG3O4 )» in th e  presence o f  high OH” produced by the  reduc t ion  o f  oxygen 
a t  the  cathode, remains s t a b l e ,  but  Fe^O^ w il l  be conver ted to  Fe(0 H) 2  
or  Fe a t  a pH o f  about 12 t o  13 ( t h i s  i s  about the  pH o f  concre te )  and 
in the  presence o f  mois ture  and c h lo r id e  ions .  These r e a c t io n s  can be 
w r i t t e n  as
FegO^ + 2 H2O + 2 H'  ^ + 2 e ” t  3 Fe(0 H) 2  (13)
or
FegO^ + BH"^  + Be” t  3Fe + 4 H2 O (14)
These r e a c t io n s  occur a t  th e  p o te n t i a l  o f  -650 mv with  the  r e s p e c t  to  
M0 /M0O3 a t  a pH of  12 to  13. This was a t  the  range o f  break p o t e n t i a l ,  
and was c a lc u la te d  by Nernst  equation  (see  Appendix A). Therefore ,
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the  re a c t io n  a t  th e  ca thod ic  break p o te n t i a l  i s  r e a c t io n  (13) o r  (14).
An a n a ly s i s  o f  the  oxide f i lm  a t  the  break p o te n t i a l  would be necessary  
to  determine which one o f  these  two r e a c t io n s  i s  predominant.
5.3 Samples Exposed to  S a l t  So lu t ions
The data  presented  in Figures 24, 25,  26, 27, 28, 29, and 30 
shows t h a t  fo r  the  samples o f  Types I and V Por t land  cement with no s a l t  
co n ten t ,  exposed to  s a l t  so lu t io n s  f o r  90 and 170 days,  the  anodic and 
ca thodic  cu r ren t  d e n s i ty  inc rease  as the  s a l t  concen t ra t ion  of  the  so lu ­
t i o n  in c re a se s .  This r e s u l t  in d ic a te s  t h a t  s a l t  p e n e t r a te s  a t  a much 
f a s t e r  r a t e  f o r  th e  samples exposed to  a s o lu t io n  with a h igher  s a l t  
concen t ra t ion  than f o r  ones exposed to  a s o lu t io n  with a lower s a l t  
con ten t .
Figure 31 p resen ts  the  d i f f e r e n t i a l  anodic c u r r e n t  dens i ty  a t  
the  p o te n t i a l  o f  800 mv (with r e sp ec t  to  a Mo/MoOg e le c t ro d e )  as a 
func t ion  of the  s a l t - c o n c e n t r a t e d  s o l u t i o n .  The d i f f e r e n t i a l  anodic 
c u r r e n t  den s i ty  was determined by s u b t r a c t in g  the  anodic c u r r e n t  dens i ty  
requirement a t  +800 mv f o r  the  samples o f  Types I and V Por t land  cement 
concre te  exposed to  d i s t i l l e d  water from the  c u r r e n t  dens i ty  requirement 
f o r  the  samples o f  Types I and V exposed to  s o lu t io n s  with var ious  s a l t  
concen t ra t ions  a t  the  same p o t e n t i a l .  Figure 31 a l s o  p re sen ts  the  
c u r r e n t ,  c a l cu la ted  by the  d i f f u s i o n  p rocess ,  using the  C o t t re l  equat ion:
I = nFAD'^Cj^/7T'^t'^ (15) .  In t h i s  eq ua t ion ,  n i s  the  number of  e l e c t ro n s  
involved per molecule or  ion of  e l e c t r o a c t i v e  s p e c i e s ,  F i s  a Faraday 's  
number (96500 Coulomb), A i s  the  su r face  a rea  o f  the  e l e c t r o d e ,  D is  the  d i f fu -  
s i v i t y  c o e f f i c i e n t ,  Cy i s  the  e l e c t r o a c t i v e  c oncen t ra t ion  in  the  bulk
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s o l u t i o n ,  ïï i s  a c o n s ta n t ,  and t  i s  the  exposure time to  the  s o lu t i o n .
The c a lc u l a t e d  c h lo r id e  d i f f u s i v i t y  c o e f f i c i e n t ,  ob ta ined  from
the  d i f f u s io n  process  equat ion mentioned above, in d i c a t e s  t h a t  in  o rder
to  c a l c u l a t e  the  same d i f f e r e n t i a l  anodic c u r r e n t  d e n s i ty  obta ined in
Figure 31, the  d i f f u s i v i t y  c o e f f i c i e n t  o f  concre te  must be in the  range 
"1 2of  10 cm / s e c .  This i s  about 4 to  5 o rders  of magnitude higher than
the t r u e  concre te  d i f f u s i v i t y  c o e f f i c i e n t ,  because concre te  i s  a porous
media and the  d i f f u s i v i t y  c o e f f i c i e n t  of a porous media i s  about the  same
-5  2as t h a t  of  an aqueous so lu t io n  ( i . e . ,  10 cm / s e c )  or  lower.  There fore ,  
the  d i f f e r e n t i a l  anodic c u r r e n t  d e n s i ty  o f  s t e e l  caused by the  c h lo r id e  
ions f o r  th e  concre te  samples of  Types I and V Por tland cement exposed 
to so lu t io n s  with  various  s a l t  con ten ts  i s  not a d i f f u s i o n - r e l a t e d  
p rocess .  In s t e a d ,  i t  may be due to  more complex r e a c t io n s  which may take 
place  in the  presence of c h lo r id e  ions .
The o p e n - c i r c u i t  p o te n t i a l  o f  s t e e l  in Types I and V Por tland  
cement samples exposed to  s a l t  s o lu t io n  s h i f t e d  toward more negative  
values  (more a c t i v e  p o t e n t i a l )  as the  s a l t  con ten t  o f  the  s o lu t io n  
inc reased .  (See Figure 32 .)  This da ta  i s  in agreement with t h a t  ob ta ined 
f o r  the  anodic and cathodic  p o l a r i z a t i o n  o f  s t e e l  in the se  samples.  The 
r e s u l t s  of  both data  in d ic a te  t h a t  the  s t e e l  i s  in a more a c t i v e  s t a t e  
f o r  the  samples exposed to  s o lu t io n s  with a h igher  s a l t  con ten t .
The potentiodynamic anodic p o l a r i z a t i o n  curves p resented  in 
Figures 27 and 28 in d ic a te  t h a t  the  s t e e l  w i l l  d epass iva te  in the  samples 
of  Types I and V Portland cement exposed to  s o lu t io n s  with var ious  s a l t  
concen t ra t ions  ranging from 0.1 to  3.5% s a l t  con ten t .  The o p e n - c i r c u i t  
p o te n t i a l  o f  s t e e l  in Types I and V Por tland  cement exposed to  s a l t
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s o lu t io n s  a l so  confirms t h a t  s t e e l  has a p o te n t i a l  more negative  than 
-350 mv with re sp ec t  to  the  Cu/CuSO^ e lec t ro d e .  This f a c t  i s  an in d ic a ­
t i o n  t h a t  the  s t e e l  i s  in a co r ro s iv e  s t a t e .
A comparison of th e  r e s u l t s  presen ted in Figures 24, 25, 26, 
and 28 in d i c a t e s  t h a t  the  c u r r e n t  d e n s i ty  requirement fo r  the  p o l a r i z a ­
t io n  of  s t e e l  in Types I and V Por tland cement samples inc reases  as the  
exposure t ime to  the s a l t  s o lu t io n  in c re ase s .  This e f f e c t  was more 
pronounced in Type I than in Type V Portland cement. (See a l so  Figure
30.)  This r e s u l t  i n d ic a te s  t h a t  the i n t r u s io n  of  c h lo r id e  ions in to  
concre te  inc rease s  as the exposure time to  the  s a l t  s o lu t io n  in c re a se s .  
S im i la r  r e s u l t s  were found by Gjorv and Vennesland [95,96] who showed t h a t  
even f o r  a 0 .4  water-cement r a t i o  (high q u a l i t y  concre te )  m or ta r ,  the  
depth o f  p e n e t r a t i o n  o f  th e  c h lo r id e  ions increased p ro g res s iv e ly  with 
exposure t ime to  the  s a l t  s o lu t io n .
The r e s u l t s  obta ined f o r  Types I and V Por tland cement samples 
with  various  s a l t  contents  exposed to  d i s t i l l e d  water and those  with  no 
s a l t  con ten t  exposed to  a s a l t  s o lu t io n  show t h a t  some o f  the  c h lo r id e  
ions mixed with the concre te  may r e a c t  e f f e c t i v e l y  with concre te  compounds, 
but the  r e a c t io n  may not occur with  c h lo r id e  ions added e x t e r n a l l y ,  or 
i f  i t  does occur ,  i t  i s  on a very small s c a le .  Therefore ,  the  co rros ion  
of  s t e e l  may be more severe f o r  t h a t  type of  c h lo r id e  which d i f f u s e s  
from the s a l t  so lu t io n  in to  the concre te  than f o r  the  type of  c h lo r id e  
which i s  mixed with the  co n c re te .
The r e s u l t s  in t h i s  s tudy in d ic a te  t h a t  the p i t t i n g  breakdown 
of  the  oxide f i lm  on the  s t e e l  su r face  i s  a k in e t i c  process which s t ro n g ly  
depends on the ex i s t en ce  o f  non-equil ib r ium so lu t io n  cond i t ions  c rea ted
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by the  c h lo r id e  ion concen t ra t ion  and depressed hydroxyl ion concen tra ­
t i o n  around the  p i t s .  The t r a n s p o r t  r a t e s  of  c h lo r id e  and hydroxide ions ,  
which can be maintained near the  p i t s ,  depend not only on the  bulk 
a c t i v i t i e s  in s o lu t io n  of  th e  two ions but a l so  on the  composition and 
pore s t r u c t u r e  o f  th e  s o l i d  phases deposited  a d jacen t  to  the  meta l .
The da ta  presented  in Figure 33 in d i c a te s  t h a t  the  e l e c t r o n i c  
IR drop compensation has no s i g n i f i c a n t  e f f e c t  on the p o l a r i z a t i o n  of  
s t e e l  in concre te  compared to  t h a t  without any IR drop compensation,  
when s t e e l  p o te n t i a l  i s  c o n t ro l l e d  by an M0 /M0O3 e l e c t r o d e .  The Tafel  
slope f o r  IR compensated and uncompensated s t e e l  was the  same. (See 
curves  1 and 2 in Figure 33 . )  The e l e c t r o n i c  IR drop compensation o f  
s t e e l  in  c o n c r e te ,  when th e  s t e e l  p o te n t i a l  was c o n t ro l l e d  with  r e s p ec t  
to  Cu/CuSO^, a l so  ind ica ted  no s i g n i f i c a n t  change in Tafel s lope compared 
to  the  uncompensated IR drop, but a small s h i f t  in the  c u r r e n t  r e q u i r e ­
ment f o r  ca thodic  p o l a r i z a t i o n  was observed. (See Figure 34 .)
I t  should be noted t h a t  the  Tafel  s lope  ( d n / d l o g i )  o f  the 
p o l a r i z a t i o n  curves  f o r  s t e e l  in concre te  with and without IR drop 
compensation i s  very high ( a t  the range o f  1200 to  1600 mv). This high 
Tafel  s lope  can be expla ined by cons ider ing  the  Butler-Volmer equat ion
i = i ^  [e(T-G)nF/RT _ g-3nF/RT^ ( 1 5 )
This equation  shows t h a t  the  c u r r e n t  d ens i ty  across  a m e t a l - e l e c t r o l y t e  
i n t e r f a c e  depends on the  d i f f e r e n c e  between th e  actua l  non-equil ib r ium 
and equ i l ib r ium  p o te n t i a l  d i f f e r e n c e s  (n ) .  In the  above equa t ion ,  g 
( 0  < 0 < 1 ) i s  a symmetry f a c t o r  a s so c ia ted  with  the r a t e  o f  charge-  
t r a n s f e r  r e a c t i o n ,  i i s  the  c u r r e n t  d e n s i t y ,  n i s  over vo l tag e ,  F i s  the
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Faraday 's  number (96500 Coulomb), R i s  the  gas c o n s ta n t ,  and T i s  the  tempera­
t u r e  (25®C). A small change in n makes a l a rg e  in c rease  in i ,  only when 
6 i s  small in the  range o f  0 .5 .  This s i t u a t i o n  occurs when the  charge 
t r a n s f e r  f o r  the  ions  and e l e c t r o n s  a t  th e  m e t a l - e l e c t r o l y t e  i n t e r f a c e  
proceeds quickly  which in d ic a te s  t h a t  the  d i f f u s io n  o f  the  ions to  or 
from the  e l e c t r o l y t e  i s  tak ing  p lace  f a s t .  This has been observed fo r  
th e  s o lu t io n  e l e c t r o l y t e  where the  movement o f  the  ions i s  f r e e l y  taking  
place  in  the  e l e c t r o l y t e .  Therefore ,  the  Yafel s lope ( d n / d l o g i )  i s  
smal l .  However, when p i s  l a r g e ,  the  change in n makes a small change 
in i .  There fo re ,  the  Tafel s lope  (d / d l o g i )  becomes l a r g e .  (See 
equation 17.)  The la rge  p may be c rea ted  by c oncen t ra t ion  p o la r i z a t io n  
because th e  e lec trochemical r e a c t io n s  on the s tee l  su r face  a re  caused by 
the combination o f  a c t i v a t i o n  and concen t ra t ion  p o l a r i z a t i o n .  In the 
case o f  concen t ra t ion  p o l a r i z a t i o n ,  the  e lec t rochemical  re a c t io n s  are  
c o n t ro l l e d  by the  d i f f u s io n  in the  e l e c t r o l y t e .  The d i f f u s io n  r a t e  o f  
r e d u c ib le  spec ies  in  co ncre te ,  such as oxygen from the bulk concrete  to 
the  s t e e l - c o n c r e t e  i n t e r f a c e ,  w i l l  be reduced because o f  low conduc t iv i ty  
o f  co n c re te .  The re fo re ,  th e  r e a c t io n  r a t e  inc reases  and the  c u r r e n t  
approaches to  d i f f u s io n  l i m i t i n g - c u r r e n t  r e s u l t i n g  in high p and in  t u r n ,  
causes the  high Tafel s lope .
The high value o f  p f o r  concre te  was c a lc u la t e d  from the equa­
t io n  below, which was obtained from the Butler-Volmer equat ion:
Tafel S l o p e ,  (17)
The p was determined to  be in the range o f  0.978 fo r  the  Tafel s lope  of  
1200 mv. Therefore ,  the  high Tafel s lope  in concre te  i s  not mainly due
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to  the  IR drop p o te n t i a l  but r a t h e r  to  the  r a t e  of  the  charge t r a n s f e r  
r e a c t io n ,  which in t u r n ,  depends on th e  d i f f u s io n  r a t e  o f  ions in to  or 
from the  co n c re te .
However, th e r e  was a d i f f e r e n c e  in the  Tafel s lope  o f  th e  p o l a r i ­
za t ion  curves because o f  t h e  IR drop when the  s t e e l  p o te n t i a l  was con­
t r o l l e d  with an Mo/MoOg e l e c t r o d e ,  compared to  t h a t  when the  s t e e l  
p o te n t i a l  was measured with  an ex te rna l  Cu/CuSO^ e l e c t r o d e .  The Tafel 
slope was about - 1 2 0 0  mv/decade when the  s t e e l  p o te n t ia l  was measured 
with an M0 /M0 O3 e l e c t r o d e  but was in  the  range of  -1650 mv/decade when 
the  s t e e l  p o t e n t i a l  was measured with a Cu/CuSO^ e l e c t ro d e .  Therefore ,  
th e re  was a reduc t ion  o f  450 mv/decade in IR drop when the s t e e l  p o te n t i a l  
was measured with  r e s p ec t  t o  an Mo/MoOg e lec t ro d e  r a t h e r  than a Cu/CuSO^ 
e lec t ro d e .
E f fe c t  o f  Wire Mesh on Current  and P o ten t ia l
5 .4  Solu t ion
Current d e n s i ty  requirements  and the  shape o f  anodic and cathodic  
p o la r i z a t i o n  curves f o r  s t e e l  in a s a tu r a te d  CafOHjg so lu t io n  did  not vary 
when a wire  mesh was placed between the  anode and the  cathode with  no 
connection.  (See Figure 35 .)  Various wire mesh s i z e s  were used but 
these  made no d i f f e r e n c e s  in the  c u r r e n t  dens i ty  requirement.  Therefore ,  
the  presence o f  a wire  mesh between the  anode and the cathode with  no 
connection does not s h ie ld  the  c u r r e n t  requirement f o r  the  cathodic  
p ro te c t io n  o f  s t e e l  in a s a tu r a te d  Ca(0 H) 2  s o lu t io n .
The da ta  in Figure 36 in d ic a te s  no s i g n i f i c a n t  v a r i a t i o n  in 
cathodic  c u r r e n t  d e n s i ty  f o r  the  s t e e l  with the  wire  mesh connected to
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to  th e  top and bottom of  the  s t e e l  p l a t e  compared to  th e  s tee l  without 
any wire  mesh. However, in anodic p o l a r i z a t i o n  curves ,  the  region o f  
p a s s i v i t y  f o r  the  samples with a wire  mesh connected to  the top and 
bottom of  the  s t e e l  p l a t e  was reduced compared to  the  samples with only 
a s t e e l  p l a t e .  This f a c t  may be due to  m e ta l lu rg ic a l  f a c to r s  such as 
h e te ro g en e i ty ,  which may e x i s t  between th e  s t e e l  p l a t e  and the  s t e e l  wire  
mesh. This he te rogene i ty  may s e t  up an e lec t rochemical  c e l l ,  which may 
lower the region of  p a s s i v i t y  as a r e s u l t  o f  local  a c t io n  c u r r e n t  f low.
The r e s u l t s  in Figure  37 i n d i c a t e  t h a t  the  ca thodic  c u r r e n t  
d e n s i t y  f o r  samples with the  wire  mesh ly ing  on the  p l a t e  did not vary 
compared to  the  sample with only a s t e e l  p l a t e .  The mesh hole s i z e s  
a l so  did not a f f e c t  the  c u r r e n t  d e n s i t y ,  but in the  anodic p o l a r i z a t i o n  
c u rves ,  the  region  o f  p a s s i v i t y  f o r  the  samples with  the  wire mesh ly ing 
on the  s t e e l  p l a t e  a l i t t l e  were lower compared to  the  sample without the  
wire  mesh. This r e s u l t  was again due to  m e ta l lu rg ic a l  f a c t o r s  a s so c ia te d  
with the  s t e e l  p l a t e  and the  wire  mesh due to  the  he te rogene i ty  which may 
e x i s t  between the  s t e e l  p l a t e  and the  wire mesh. A comparison o f  Figures 
36 and 37 in d ic a te s  t h a t  in the  anodic p o l a r i z a t i o n  curves ,  the  region  of  
p a s s i v i t y  f o r  the  samples with the  wire  mesh a t tached  to  the  top and b o t ­
tom o f  the  p l a t e  was much lower than fo r  the  sample with no wire mesh. In 
a d d i t i o n ,  the  pass ive  c u r r e n t  d e n s i ty  f o r  the  samples with the  wire  mesh
a t tached  to  the  top and bottom of  the  p l a t e  was lower than f o r  the  sample
without any wire mesh. These e f f e c t s  f o r  th e  samples w i th  the  wire  mesh
ly ing  on the p l a t e  were much sm al le r  than f o r  the  previous  samples,  and
even th e  pass ive  c u r r e n t  d e n s i t y  f o r  the  samples with the  wire  mesh ly ing  
on the  p la t e  was about th e  same as t h a t  f o r  the  sample without any wire
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mesh. This d i f f e r e n c e  may be due to  non-uniformity o f  the  c u r r e n t  d i s ­
t r i b u t i o n  along the  s t e e l  p l a t e  f o r  th e  samples with  th e  wire  mesh a t tached  
to  the  top and bottom of  the  p l a t e  and ra i s ed  in  an a r c  o f  about one inch, 
compared to  th e  samples with the  wire  mesh ly ing  on th e  p l a t e .  This non­
un i fo rm i ty  in  tu rn  may cause a p o te n t i a l  sh ie ld in g  along the  p l a t e .
The da ta  in Figure  38 i n d i c a t e  t h a t  the  p o t e n t i a l  of the  wire  
mesh ( the  mesh was placed between the  anode and the  cathode with no con­
nection) dur ing  anodic and cathodic  p o l a r i z a t i o n  s h i f t e d  toward more 
negat ive  and p o s i t i v e  values  r e s p e c t iv e ly .  This r e s u l t  may be due to  
the  IR drop which e x i s t s  between th e  wire  mesh and th e  re fe re n ce  e lec t ro d e  
a t  the  e l e c t r i c  f i e l d  in the  anode and cathode. This IR drop causes the  
p o t e n t i a l  o f  the  wire  mesh to  inc rease  as the  c u r r e n t  in c re a s e s .  This 
s h i f t  in wire  mesh p o te n t i a l  was h igher  a t  h igher  c u r r e n t s ,  which again  
confirms the  f a c t  t h a t  even a small r e s i s t a n c e  between the  re fe rence  
e l e c t r o d e  and the  wire  mesh a t  high cu r ren ts  can cause t h i s  s h i f t  to  
occur .
The r e s u l t s  in Figure 39 in d ic a te  t h a t  the  p o t e n t i a l  of  the  
platinum p l a t e s  placed between anode and cathode in a 3% s a l t  s o lu t io n  
s h i f t e d  toward more nega t ive  values  as the  ca thodic  c u r r e n t  inc reased .
The p o te n t i a l  s h i f t  was toward more negative  va lues  as the  d i s t a n ce  of  
the  platinum from the  cathode decreased .  The da ta  p resen ted  in Figure 
40 in d i c a t e  the  same. This p o te n t i a l  s h i f t  may be due to  th e  p o te n t ia l  
g r a d ie n t  caused by the  IR drop in the  e l e c t r i c  f i e l d  between the anode 
and th e  cathode.
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5.5  Concrete
In Figure 41, th e  c u r r e n t  dens i ty  fo r  the  s t e e l  in the  anodic 
and ca thod ic  p o l a r i z a t i o n  curves o f  the  samples (with a wire mesh between 
anode and cathode) decreased compared to  the  sample with  no wire  mesh, but 
the  ca thod ic  c u r r e n t  d ens i ty  f o r  the  s tee l  with the wire  mesh connected 
to  i t  inc reased  compared to  th e  sample without any wire  mesh ( the  samples 
were in dry cond i t ions  of  a l ab o ra to ry  fo r  20 to  30 days a f t e r  cu r ing ) .
Figure 42 i n d i c a te s  r e s u l t s  fo r  the  same samples t e s t e d  in 
Figure 41 when exposed to  d i s t i l l e d  water f o r  four  months. There was no 
s i g n i f i c a n t  s h i f t  in  ca thod ic  c u r r e n t  dens i ty  f o r  the  samples with the 
wire  mesh placed between the  anode and cathode compared to  the sample 
without any wire  mesh, but a l i t t l e  increase  in anodic and ca thodic  cu r ­
r e n t  d e n s i ty  occurred  f o r  the  samples with the  wire  mesh connected to  
the  s t e e l  p l a t e .  This r e s u l t  may be due to  the m e ta l lu rg ic a l  f a c to r s  
mentioned before  to  the  under-es t imat ing  the  wire  mesh su r face  a re a s ,  
because the  c u r r e n t  d ens i ty  f o r  the  samples with the wire  mesh connected 
to  the  p l a t e  was c a lc u l a t e d  as the  c e l l  cu r re n t  d ivided by the  t o t a l  
su r face  a rea  of t h e  mesh and the  p l a t e .  The d i f f e r e n c e s  in c u r r e n t  
den s i ty  observed f o r  the  samples with the wire mesh between the  anode 
and th e  cathode compared t o  th e  s t e e l  with no wire  mesh when the  samples 
were exposed to  dry cond i t ions  i s  probably due to  the  mois tu re  con ten t  
o f  co n c re te .  The mois tu re  in the  d i f f e r e n t  concrete  samples may not have 
been d i s t r i b u t e d  uniformly , which would cause the  v a r i a t i o n  in cu r re n t  
d e n s i ty .  Figure 42 confirms t h i s  s ta tement.  I t  i n d i c a t e s  t h a t  a l i t t l e  
d i f f e r e n c e  in c u r r e n t  d e n s i ty  was observed f o r  the  same samples exposed 
to  d i s t i l l e d  w a ter .  This r e s u l t  may be due to  the  f a c t  t h a t  mois tu re
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was uniformly d i s t r i b u t e d  a f t e r  the  samples were exposed to  d i s t i l l e d  
water.
Curves 2 and 3 in Figure 43 in d ic a te  the  d i f f e r en c es  in Tafel 
s lopes  and c u r r e n t  requirement  f o r  ca thod ic  p o la r i z a t i o n  of  the  s t e e l  
p l a t e  when the  p o te n t i a l  was measured with r e sp ec t  to  a Cu/CuSO^ 
e lec t ro d e  ex te rna l  to  t h e  mesh compared t o  the  p o te n t ia l  measured a t  
the  s t e e l - c o n c r e t e  i n t e r f a c e .  At a cons tan t  cu r re n t  level  o f  0.03 mA, 
a p o te n t i a l  s h i f t  o f  -775 mv was obta ined when the  s t e e l  p o te n t i a l  was 
measured with a Cu/CuSO^ e le c t ro d e  ex te rna l  to  the  wire  mesh, but a t  the  
same level o f  c u r r e n t ,  a p o te n t i a l  s h i f t  o f  -400 mv was obtained when 
the  p o te n t ia l  o f  t h e  s t e e l  p l a t e  was measured a t  the c o n c r e te - s t e e l  
i n t e r f a c e  with  an Mo/MoOg e l e c t r o d e .  Therefore ,  t h e re  i s  an e r r o r  in 
p o te n t ia l  measurements, due to  the  IR drop which e x i s t s  when the  s t e e l  
p o te n t ia l  i s  measured with  a r e fe rence  e l ec t ro d e  ex ternal  to  the  
wire mesh. I t  should be mentioned t h a t  the  e l e c t r o n i c  IR drop compensa­
t io n  f o r  the  samples used f o r  the  e lec trochemical study o f  s t e e l  d id  not 
show a s i g n i f i c a n t  d i f f e r e n c e  in Tafel  s lope  when the s t e e l  in these  
samples was p o la r ized  with  and without e l e c t r o n i c  IR drop compensation. 
This f a c t  may be due to  the  sample s i z e ,  s ince  the  concre te  cover on the 
s t e e l  f o r  these  samples was about 1/2 inch th ic k .  Therefore ,  IR drop did 
not play an important  r o l e  here ,  but when the  samples o f  a l a r g e r  s iz e  
such as the  ones used in the wire mesh study were used,  the  IR drop did 
play a s i g n i f i c a n t  r o l e  and caused a p o te n t i a l  measurement e r r o r .  This 
i n d ic a te s  t h a t  the  geometry o f  the  sample i s  important in reducing IR too .
Figure 44 in d ic a te s  t h a t  the  p o te n t i a l  of  the  wire  mesh s h i f t e d  
toward more p o s i t i v e  values  during ca thod ic  p o la r i z a t i o n  and toward more
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negat ive  values  during anodic p o l a r i z a t i o n  o f  th e  s t e e l  p l a t e .  This 
s h i f t  in wire mesh p o te n t i a l  i s  due to  the  p o t e n t i a l  measurement e r r o r  
caused by the  IR drop which e x i s t s  between the  r e fe ren ce  e lec t ro d e  and 
the  wire  mesh. Because th e  wire mesh was placed in the  e l e c t r i c  f i e l d  
between the  anode and cathode and because concre te  has a very high 
r e s i s t i v i t y ,  the  measured p o te n t i a l  o f  the  wire  mesh i s  the  sum o f  the  
ac tua l  p o te n t ia l  o f  the  wire mesh and the  IR drop a sso c ia ted  between 
the  re fe ren ce  e lec t ro d e  and the  wire mesh. The IR drop becomes la rge  as 
c u r r e n t  flow inc reases  and causes the  mesh p o te n t i a l  to  s h i f t .  Otherwise,  
the  ac tua l  p o te n t i a l  o f  wire  mesh remains co n s ta n t .  The above s ta tement 
was s u b s t a n t i a t e d  when a wire mesh and re fe ren ce  e lec t ro d e  were placed 
o u ts id e  th e  e l e c t r i c  f i e l d  between the  anode and cathode. In t h i s  case ,  
s ince  t h e r e  was no v a r i a t i o n  in c u r r e n t  f low, the  wire  mesh p o ten t ia l  
remained co n s tan t .  (See Figure 45 .)  The c e l l  assembly i s  shown in 
Figure 46.
The data  in Figure 47 in d ic a te  t h a t  the  wire mesh p o te n t ia l  
s h i f t e d  when th e  lo ca t io n  o f  the  wire  mesh was changed. This wire mesh 
p o te n t i a l  s h i f t  was increased  by inc reas ing  the  d i s t a n ce  of  the  wire 
mesh from the cathode, which in d ic a te s  t h a t  a p o te n t i a l  g rad ien t  e x i s t s  
in the  e l e c t r i c  f i e l d  between the  anode and cathode.  The work of  Stammen 
and Townsend [97] a l so  i n d ic a te s  t h a t  a p o t e n t i a l  g rad ien t  wi l l  be c rea ted  
between the  anode and cathode because of  t h e  flow o f  impressed cu r ren t  
in to  the  chemical s o lu t io n .  This r e s u l t  agrees  with those  obtained in 
t h i s  s tudy.
The data  presented  in Figure 48 a l s o  confirm the  f a c t  t h a t  the  
wire mesh p o t e n t i a l s  s h i f t  as the  lo ca t io n  o f  the  wire  mesh between the
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anode and cathode v a r i e s .  A s i m i l a r  r e s u l t  was obta ined  when the  wire  
mesh p o te n t i a l  was measured with r e s p e c t  t o  an ex te rna l  Cu/CuSO^ 
e le c t ro d e  in s te ad  o f  an embeddable Mo/MoOg e l e c t r o d e .  (See Figure 49 .)  
There fo re ,  a l l  o f  th e se  r e s u l t s  confirm t h a t  a p o t e n t i a l  g r a d ie n t  e x i s t s  
between the  anode and ca thode, caused by the  IR drop,  which in tu rn  
causes the  wire  mesh p o te n t i a l  to  s h i f t .
However, i t  i s  p o s s ib le  to  c o r r e l a t e  a r e l a t i o n s h i p  between the  
IR drop and v a r i a b l e s  such as c u r r e n t ,  concre te  geometry,  and mois tu re  
con ten t  of  co n c re te .  This r e l a t i o n s h i p  in i t s  s im p les t  form can be 
expressed as
IR drop = k ^  (18)
In t h i s  r e l a t i o n s h i p ,  k i s  a c o n s ta n t ,  I i s  the  c u r r e n t  flow between 
anode and ca thode ,  C i s  the  concre te  th ickness  between the  s t e e l  and the  
re fe rence  e l e c t r o d e ,  and M i s  the  mois ture  con ten t  o f  the  co n c re te .  The 
above r e l a t i o n  f o r  th e  IR drop c a l c u l a t i o n  i s  supported by the  data  
presented in Figures 50 through 56. The r e s u l t s  in these  f ig u r e s  i n d i c a t e  
t h a t  the  s h i f t  in wire  mesh p o te n t i a l  inc reases  as the  d i s t a n c e  of  the  
wire  mesh from the  re fe re n ce  e l e c t ro d e  inc reases  and the  s h i f t  in the  
p o te n t i a l  in c rease s  when the  c u r r e n t  flow i s  inc reased .  There fore ,  i t  
can be concluded t h a t  the  c u r r e n t  f low and geometry o f  concre te  a re  two 
of  the  major f a c t o r s  a f f e c t i n g  the  IR drop. The t h i r d  f a c t o r  i s  the  
mois tu re  con ten t  of  th e  co n c re te .  The ion ic  m ob i l i ty  of  concre te  inc rease s  
as the  mois tu re  con ten t  i n c re a s e s ,  which in tu rn  decreases  the  r e s i s t i ­
v i t y  o f  concre te  and, as a r e s u l t ,  the  IR drop.
There fore ,  th e  f a c t o r  of  the  IR drop must be taken in to  account
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in th e  p o te n t i a l  measurement o f  the  s t e e l  s t r u c t u r e s  in co ncre te ,  and 
a c o r r e c t io n  must be made to  determine th e  t r u e  p o te n t i a l  of  the  s t e e l -  
concre te  i n t e r f a c e .
The r e s u l t s  in Figure 50 in d i c a t e  t h a t  the  p o te n t i a l  o f  the  wire  
mesh ( the  mesh was placed between the  anode and cathode with no connection) 
s h i f t e d  toward more p o s i t i v e  values  when the  wire  mesh p o te n t i a l  was 
measured with  r e sp ec t  to  the  Mo/MoOg e l ec t ro d e  placed a t  the  l e f t  hand 
s ide  of  the  wire  mesh. This s h i f t  was toward more negative  values when 
the  p o te n t i a l  was measured with  r e sp ec t  to  the  Mp/MoOg e lec t ro d e  placed 
a t  the  r i g h t  hand s ide  of  th e  mesh. S im i la r  r e s u l t s  were obtained when 
d i f f e r e n t  r e fe rence  e lec t ro d e s  were t e s t e d .  (See Figures 51, 52, 53,
54, 55, and 56 .)  This f a c t  i s  probably due to  the  a d d i t iv e  and s u b t r a c ­
t i v e  p ro p e r t i e s  o f  IR drop.
The r e s u l t s  in Figure 58 in d i c a t e  t h a t  the  p o te n t i a l  of  the  
platinum p l a t e  s h i f t e d  when i t  was placed between the anode and cathode. 
This platinum p la t e  p o t e n t i a l  s h i f t  was increased  by decreasing the 
d i s t a n c e  of  th e  platinum from the  cathode, which in d ic a te s  t h a t  the  
p o te n t i a l  s h i f t  o f  wire  mesh i s  not due to  the  r e a c t io n  which may take  
p lace  on the  wire mesh s u r f a c e ,  but i t  i s  because o f  a p o te n t i a l  g ra d ie n t  
which e x i s t s  in the  e l e c t r i c  f i e l d  between th e  anode and cathode.
The r e s u l t s  presented  in t h i s  s ec t io n  in d i c a t e  t h a t  the  presence 
o f  a wire  mesh between the  anode and cathode does not a f f e c t  the  p o t e n t i a l  
measurement of  the  s t r u c t u r e ,  but t h a t  the  major e r r o r  in p o te n t i a l  
measurement i s  due to  the  IR drop a s so c ia te d  with  the  high r e s i s t i v i t y  of 
c o ncre te .  This p o te n t i a l  measurement e r r o r ,  in t u r n ,  may cause an under­
e s t im a t io n  o f  the  c o r r e c t  p o te n t i a l  o f  re in fo rce d  s t r u c t u r e s  which a re
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c a th o d ic a l ly  p ro te c ted .  There fore ,  the  corros ion  o f  the  r e in fo rced  
s t r u c t u r e  may not be s u f f i c i e n t l y  reduced and f a i l u r e  o f  the  s t r u c t u r e  
occurs .
CHAPTER VI 
CONCLUSION
1. The o p e n - c i r c u i t  p o te n t i a l  o f  s t e e l  in concrete  (Types I and V 
Por tland cement) i s  dependent on the  s a l t  concen t ra t ion .  The p o te n t i a l  
s h i f t e d  from th e  pass ive  region to  a value in d ic a t in g  co r ros ive  condi­
t io n s  when the concre te  was exposed to  d i s t i l l e d  wate r .  The opposite  
e f f e c t  was observed fo r  concre te  exposed to  dry cond i t ions .
2. The o p e n - c i r c u i t  p o t e n t i a l  values  s h i f t  with moisture  con ten t .  This 
i s  caused by increased  concre te  conduct iv i ty  which in t u rn ,  causes an 
inc rease  in ion m ob i l i ty .
3. The o p e n - c i r c u i t  p o te n t i a l  o f  s t e e l  i s  in the l e s s  a c t i v e  (co rros ive  
cond i t ion )  p o t e n t i a l  f o r  Type V Portland cement than fo r  Type I Por t ­
land cement concre te .
4. Steel  i s  pass iva ted  in Type I Por tland cement with a s a l t  content  up 
to  0.1%, but the  p a s s iv a t io n  o f  s t e e l  is  maintained in Type V Portland 
cement with a s a l t  con ten t  up to  0.5% ( the  concrete  samples were 
exposed to  d i s t i l l e d  w a te r ) .
5. The c u r r e n t  requirements  inc rease  as the  s a l t  con ten t  of  concrete  
in c re a s e s .  This occurred when samples were exposed to  d i s t i l l e d  
wate r ,  but th e  oppos i te  e f f e c t  was observed when samples were exposed 
to  dry c o n d i t io n s .
6 . Genera lly ,  the  c u r r e n t  requirements  f o r  s t e e l  in Type I Por tland
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cement a re  higher than f o r  Type V Por tland  cement.
7. Current requirements fo r  s t e e l  in Types I and V Por tland cement 
(with no s a l t  con ten t )  inc rease  as the  concre te  i s  exposed to  s o lu ­
t i o n s  with a h igher s a l t  con cen t ra t io n .  In o the r  words, the  pene­
t r a t i o n  of c h lo r id e  ions in to  concre te  i s  higher f o r  concrete  
exposed to  s o lu t io n s  with a h igher s a l t  concen t ra t ion  than i t  i s  
f o r  concre te  exposed to  so lu t io n s  with  a lower s a l t  con ten t .
8 . The p e n e t r a t io n  of ch lo r ide  ions in to  concrete  increases  as the  
exposure t ime to  s a l t  so lu t io n s  i n c re a se s .  The pen e t r a t io n  of  
c h lo r id e  ions in to  the  concre te  i s  h igher fo r  Type I than f o r  Type 
V Por t land  cement.
9. The in c re a se  in c u r r e n t  requirements f o r  the  concrete  with no s a l t  
exposed to  so lu t io n s  with var ious  s a l t  concen t ra t ions  i s  not a d i f ­
fu s ion  r e l a t e d  process but i s  due to  more complex re a c t io n s  which 
may take  p lace  a t  th e  presence o f  c h lo r id e  ions .
10. I t  seems t h a t  the  ch lo r ide  ions added e x t e r n a l l y  to  curea concre te  
do not  r e a c t  with concrete  compounds o r ,  i f  they do r e a c t ,  i t  i s  on 
a small s ca le  compared to  th e  c h lo r id e  ions which a re  mixed with  
f r e s h  concre te .
11. A break occurs f o r  the  anodic p o l a r i z a t i o n  curves a t  p o t e n t i a l s  of 
about  +500 to  600 mv with r e s p ec t  to  an Mo/MoO  ^ e lec t ro d e  and a t  
p o t e n t i a l s  of  -500 to  -700 mv f o r  the  cathodic  p o l a r i z a t i o n  curves .  
These breaks were observed f o r  th e  concre te  with  s a l t  con ten t  
exposed to  d i s t i l l e d  water or  with no s a l t  con ten t ,  but exposed to  
s a l t  s o lu t io n s .  The breaks were pos tu la ted  to  be due to  the  fo l low­
ing r e a c t io n s :
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or
FefOHlg $  Y-FeOOH + H* + e" (13) (anodic  r e a c t io n )
FegOg^EHgO + ZH^+Ze" t  3 Fe(0 H) 2  (15 ) (ca thod ic  r e a c t io n )
FegOg + 8 H* + 8 e" *  3Fe + 4 H2,0 ( 1 6 ) (ca thod ic  r e a c t io n )
12. The wire  mesh with  va r ious  ho le  s i z e s  does not s h i e l d  th e  c u r r e n t  
flow with  o r  wi thou t  connection to  the  s t e e l  p l a t e  when the  wire  
mesh i s  p laced between anode and cathode.
13. The v a r i a t i o n  in th e  wire  mesh p o t e n t i a l  i s  caused by the  p o te n t i a l  
measurement e r r o r  which in  tu rn  i s  caused by the  IR drop a s so c ia te d  
with the  high r e s i s t i v i t y  o f  co n c re te .  The IR drop i s  dependent on 
the  c u r r e n t  f low, geometry,  and mois ture  con ten t  o f  co n c re te .
14. The IR drop in  the  concre te  can be reduced s i g n i f i c a n t l y  when the
p o te n t i a l  i s  measured a t  th e  s t e e l - c o n c r e t e  i n t e r f a c e ,  compared to  
t h a t  measured e x t e r n a l l y .
15. The high Tafel s lope  f o r  anodic and ca thod ic  p o l a r i z a t i o n  o f  s t e e l
in concre te  i s  mainly due to  th e  slow charge t r a n s f e r  r e a c t io n
caused by t h e  slow r a t e  o f  ion d i f f u s i o n .
CHAPTER VII 
RECOMMENDATION
Many unanswered ques t ions  about the  e l ec t ro c h e m is t ry  o f  s t e e l  in
concre te  s t i l l  e x i s t .  Fur ther  work, as recommended below, i s  requ ired  to
ob ta in  answers t o  th e se  q ues t ions .
1. P o la r i z a t i o n  curves s i m i l a r  to  the  ones used in t h i s  study must be 
obta ined in  the  absence o f  oxygen f o r  dry and mois t  c oncre te .
2. The composit ion and pH o f  the  pore so lu t io n  ad jac e n t  to  the  s t e e l -  
concre te  i n t e r f a c e  must be determined fo r  both types  o f  Por tland 
cement (Types I and V).
3.  The s tudy o f  the  d i f f u s io n  o f  c h lo r id e  ions i n to  concre te  must be 
repeated with s a l t  so lu t io n s  d i f f e r e n t  from the  one (NaCl) used in 
t h i s  s tudy .
4. A study o f  the  d i f f u s i o n  o f  c h lo r id e  through a l i g h t - w e ig h t  concrete  
must be c a r r i e d  o u t ,  to  compare r e s u l t s  with  those  ob ta ined  in  t h i s  
study.
5. The corros ion  product  on the  s t e e l  su r face  a f t e r  exposure f o r  a 
period o f  s ix  months t o  p o t e n t i a l s  o f  about 500 to  700 mv vs .  Mo/MoOg 
e l ec t ro d e  must be analyzed.
6 . The physica l  p r o p e r t i e s  o f  mois t  and dry concre te  such as cracks  and 
voids must be c a r e f u l l y  examined.
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7. The r e a c t io n  products of  concre te  compounds of  Types I and V P o r t ­
land cement where s a l t  has been mixed with the f r esh  concre te  must 
be determined f o r  two d i f f e r e n t  cond i t io n s :  ( 1 ) a f t e r  s ix  months
of  exposure to  d i s t i l l e d  water and ( 2 ) a f t e r  s ix  months o f  exposure 
to  th e  dry condi t ions  of the  l ab o ra to ry .
8 . The mois tu re  content in the  concre te  (Types I and V Por tland  cement) 
with var ious  s a l t  con ten ts  a f t e r  s ix  months o f  exposure to  the  dry 
c ond i t ions  o f  the  labo ra to ry  must be determined.
9. S tee l  with  a composition d i f f e r e n t  from the one used in t h i s  study 
must be employed. P o la r i z a t io n  curves s im i l a r  to  those in t h i s  
study must be obta ined.
10. The co r ros ion  products on the  s t e e l  su r face  must be analyzed to  
check d i f f e r e n c e s  which may e x i s t  in the  re a c t io n s  f o r  the  s t e e l  
with a d i f f e r e n t  chemical composit ion.  The co rros ion  product  a t  
the  s t e e l  su r face  when the s t e e l  i s  embedded in Types I and V P o r t ­
land cement must a l so  be determined.
11. The ca thodic  p o la r i z a t i o n  curves f o r  s t e e l  in concrete  must be
obta ined  when the  s t e e l  r e a c t io n  i s  c o n t ro l l e d  by: ( 1 ) a c t i v a t i o n
p o l a r i z a t i o n  and (2) concen t ra t ion  p o l a r i z a t i o n .  The r e s u l t s  of 
these  two t e s t s  wil l  e lu c i d a te  the  e f f e c t  of  ions d i f f u s io n  on the 
t a f e l  s lope .
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APPENDIX A
CALCULATION OF THE ELECTROMOTIVE FORCES FOR THE FOLLOWING 
REACTION USING NERNST EQUATION
(Anodic Reaction)
Fe(0 H) 2  t y  -  FeOOH + H'  ^ + e '  E° = -  .247v
E = E° - log *H+'*y-FeOOH
 ^ *Fe(0 H) 2
S-FeOOH " *Fe(0 H) 2  "  ^
t h e r e f o r e ,
E = -  .247 - .0592 log a^+. 
a^+ = -  log[H*] = PH 
t h e r e f o r e ,
E = - .247 + .0592 log PH 
a t  pH = 12 2  E = 0.463 v o l t  = 463 mv
a t  pH = 13 3  E = 0.522 v o l t  = 522 mv.
By the s i m i l a r  c a l c u l a t i o n  E f o r  th e  two following ca thodic  r e a c t io n s  
can be expressed as:
Fe^O^ + 8 H'  ^ + 8 e" t  3Fe + 4H2 O E° = - .085v 
E = 0.085 -  .0592 PH 
a t  pH = 12 $  E = - 0.795 v o l t  = -  795 mv
a t  pH = 13 $  E = - 0.855 v o l t  = - 855 mv
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a t
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F G 3 0 4
ZHgO + 2H'*' + 2e“ t 3Fe(0H)2 E
E = - 0 .026 - 0.0592 PH
pH = 12 $  E = -  .735 v o l t  = - 735 mv
pH = 13 ?  E = -  .795 v o l t  = - 795 mv.
APPENDIX B
CALCULATION OF DIFFUSION CURRENT USING DIFFUSION 
PROCESS EQUATION KNOWN AS COTTREL EQUATION
nFAD^ C.
2
A = su r face  a r e a ,  cm 
I = d i f f u s io n  c u r r e n t ,  ampere
2
D = d i f f u s io n  c o e f f i c i e n t ,  cm / s e c
C. = e l e c t r o a c t i v e  spec ie s  concen t ra t ion  in bulk s o lu t io n ,  
mole/ml
t  = exposure t ime,  sec
For the  concre te  sample exposed to  the  s a l t  so lu t io n  o f  concen t ra t ion  o f
0 . 1%, the  d i f f u s io n  c u r re n t  f o r  the  c h lo r id e  ion can be ca lc u la t e d  as:
-8  2
Assuming D = 10~ cm / s e c
I = 2 x 9600x 3 8 .709 x (,1_0 ^ ) ^ x  1 .7 0 9 x 10. = 2.571 x lO'^^A = 2 . 5 7 x 10"®yA
(3.14)< (90x 24x 3600)'^
The d i f f u s io n  c u r re n t  d e n s i ty  f o r  the  o th e r  s a l t  concen t ra t ion  so lu t io n s  was 
ca lc u la t e d  by the  same method.
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